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INTRODUCTION 





Efforts to prepare pure samples of lead and its 
wmpounds date back to the work of Stas (1) in 
1860. Pure samples have been required for atomic 
weight determinations, study of the properties of 






the element and its compounds, and as an analytical 






aid, especially in assays for gold and in standards 






for spectrographic analysis. Numerous publications 





and several reviews on the subject have appeared. 





However, none of the original publications has 





presented adequate analytical evidence as to the 






purity attained. Consequently, the reviews do not 





clearly establish relative efficacy of the various 





methods described and, in addition, all are incom- 






plete to a greater or lesser extent. 





The purpose of this paper is to present an ana- 





lytical evaluation of previously described methods 





and to describe in detail a combination of methods 





for preparation of pure lead. 





Review of Previous Methods 





Mellor (2) and Vanino (3) described a method 





employed by Stas (1) for preparing high purity lead. 
It comprises purification of a lead acetate solution 





and several subsequent precipitations and resolu- 





tions to obtain a pure lead carbonate which is re- 
duced to metal with potassium cyanide. No adequate 
analytical data are available for the metal made 
by this method. 







Mellor also refers to the use of vacuum distilla- 
tion by Lambert and Cullis (4) to purify further 
lead produced by the Stas method. Baxter and 
Grover (5) and Richards and Wadsworth (6) puri- 
hed lead by recrystallization from nitrate solution; 
the yield from such a method is quite low, and 
quality of the product questionable. Archibald (7) 
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ABSTRACT 


Previously published methods for the preparation of high purity lead are critically 


conversion to metal, and final vacuum distillation. 


reviewed. The presumably more effective of these methods were subjected to trial and 
analytical evaluation. Based on these analytical results, a combination of procedures 
is described which produces lead of extremely high purity. The method employed in 
volves electrolytic displacement of bismuth and other elements from lead salt in solution 
by treatment with lead metal, coprecipitation of numerous impurities on lead sulfide, 


reviews early work in preparing samples for atomic 
weight determinations; Schopper (8) presents a 
rather comprehensive review of work done to 1939 
on preparation of high purity lead. He considers the 
method of Haber and Jaenicke (9) to be superior; 
this method depends on coprecipitation of impurities 
with lead sulfide. Russell (10) developed an elec- 
trolytic method using a perchlorate solution. 

Lead of high purity (99.998+ %), with the only 
impurities being iron and copper,’ has been reported 
(11). MeLellan (12) generously supplied the follow- 
ing details: 

1. A new storage battery box with three anodes 
and two cathodes makes a good cell. Anodes about 
34, in. thick with supporting lugs are cast from 
bismuth-free lead.* Cathodes, made from pure lead 
deposited on rolled lead* starting sheets equal in 
area to the anodes, are supported by heavy Pyrex 
rods. 

2. Ideally, the electrolyte, which does not require 
stirring, has a specific gravity of 1.21; it is composed 
of 67 g/l Pb as PbSiF, and 95 g/|1 H.SiF,’ Lead 
should be introduced in the form of bismuth-free 
PbCO;.4 Pure glue in a minimum of hot water is 
added daily. A reasonable current density is 0.5 
amp/in. 

3. Wash cathodes thoroughly in distilled water 
then melt in a spun iron crucible and cast. Remelt 
in a glass or pure iron container. Gradually add pure 
red phosphorus while stirring constantly. Keeping 
the temperature around 350°C, tap off from the 
bottom most of the decopperized lead. Melt in a 
spun iron crucible and add reagent grade NaOH 
and NaNQO,;. Stir 15 min at 400°C and cool. Dis- 
solve caustic skin in distilled water, remelt lead, and 
granulate in distilled water. Remelt in a beaker, 
using reagent sodium acetate and NaOH as slag 


’ Prepared in Research Department, American Smelting 
and Refining Company, Barber, New Jersey. 

‘St. Joe brand. 

* Merck reagent grade. 
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cover. Introduce clean air or oxygen to the lead 
through a Pyrex tube; skim slag and repeat with 
fresh slag materials. 

Details of a method for preparation of rather pure 
lead, and a sample of lead so produced, have been 
supplied by G. K. Williams (13) and associates.*® 
The method has been described by Green (14). 

Vacuum distillation has been investigated by 
Lambert and Cullis (4) and Tamman and Dreyer 
(15). Kroll (16), Leitgebel (17), and Dushman (18) 
present reviews on vacuum evaporation of metals 
and considerations involving purification of lead 
by such methods. A study of all available data on 
vacuum distillation of lead indicates that, except 
for bismuth and possibly antimony, impurities 
should remain in the initial and final distillate of 
such a process. 

Haber and Jaenicke (9) use a method which ap- 
pears to have considerable merit for the preparation 
of pure lead. It is essentially a coprecipitation of 
contaminants with a small amount of lead (from a 
solution of lead salt) according to principles which 
have been elucidated by Hahn (19). Experimental 
work (see later) shows that not all impurities are 
adequately removed by this method. 

EXPERIMENTAL INVESTIGATION OF METHODS 

An experimental investigation was made of the 
more promising methods selected from those just 
reviewed. In general, the methods were applied 
to small samples of lead (or a compound) of low 
impurity content. Starting materials, purified 
samples, and concentrates obtained during sample 
purification were all examined and compared by 
spectrographic methods developed to give maximum 
sensitivity. Details of the method have been pub- 
lished elsewhere (20). The following sensitivities 
of detection (in ppm) were obtained in the direct 
analysis of a lead sample: Ag, 0.01; Cu, 0.03; Bi, 
0.3; Fe, 0.1; Cd, 0.03; Sn, 0.3; Zn, 0.05. Additional 
sensitivity of at least one order of magnitude was 
obtainable in specific cases by use of fractions 
separated from the sample. 

As, Se, and Te were not included in the analytical 
investigation due to the known low sensitivity of 
spectrographic detection of these elements. The 
behavior of antimony has not been adequately 
determined because of its relatively low sensitivity 
of detection. 

Throughout the experimental work extensive 
precautions were taken to avoid contamination of 
samples. Water and acids were redistilled from a 
fused quartz still. Dust-proof fused quartz, high 
purity alumina, and platinum. containers were 


® Breken Hill Associated Smelter’s Proprietary Limited, 
Port Pirie, South Australia 
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used. All vessels were cleaned thoroug ly jy ho Mi yent 
dilute nitric acid and rinsed with redist) led yo, wveral 
When these precautions were not obs: rved Inas 


he solu 











tamination from dust and containers (suc: as Py, 


glass and porcelain) was detected. pect Og 


_ , fy cour 

Sulfide Coprecipitation ; 

? yccess 

Experimental work was initiated with a study omgressive 
the sulfide coprecipitation method of Haber and Miter tl 
Jaenicke (9). It was found that Ag, Fe, Mo, and (7 eontain 
are strongly concentrated in the precipitate and ontent 


efficiently removed. Bi, Cd, Sb, Sn, and Zn eithe 


preferentially remain in solution, or are about equally 


remove 
remove’ 
distributed between the two phases; thus they 


cs Sie | 
not effectively eliminated. 
Vacuum Distillation 
In view of the foregoing, other methods Due 
tested, one of which was high vacuum distillat) all imp’ 
A sample of lead containing approximately | ppm pas se! 


each of Ag and Bi, 2 ppm each of Cu and Fe, ani fa pure 
0.1 and 0.5 ppm, respectively, of Cd and Zn was proper 


employed. A single distillation in fused quart, jjjamna 
at 700°-800°C and 10-* mm resulted in lowering Lea 
the Fe, Cu, and Ag content below the limit of spec. Hjsrt'" 


trographic detectability. Reheating the distillate Mother 
I : 


at approximately 500°C caused volatilization of , gmeve!™ 


small amount of material which condensed in the meet’ 
pump leads and gave strong spectra of cadmium Hg™'te" 
and zinc. Residual lead gave no spectroscopic « Prey 
dence of cadmium or zinc. Bismuth was distributed es’: 
about equally between distillate and residue. There- vith |e 
fore, except for bismuth and possibly antimony for Mj!!! 
which no data were obtained, high vacuum distil- nated 
lation is an effective and convenient method for ead s 
removal of impurities from lead. A combination of Hg" °° 
the Haber and Jaenicke process and vacuum dist hi 
lation leaves only bismuth and antimony. UOn 
remoy 

Electrolytic Displacement bismt 

At this stage it became evident that bismuth eau 
by far the most persistent impurity, and that for Fo 
which no proved effective method of remova sees 
available. According to the method employed — 
Stas (1), Sb, Bi, Cu, Ag, Au, ard the platinum mee 
metals should be displaced from solution by t Ais 
action of metallic lead. However, no quantitat se 
data exist as to its efficacy. ae 
The method was studied by use of lead acetal ne 
filtrate from a prior trial of the sulfide coprecip!t* ‘és 
tion method. To a neutral solution containing ru 
grams lead acetate and 500 ml redistilled water, | 
gram finely chipped, high purity lead was added proe 
and the solution heated overnight at the boiling vig 
point. The lead was separated and portions ©! clin 


- 


and the solution analyzed spectrographically Trea" sepa 
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ent with 1-gram portions of lead was repeated 


eral times. 
pete sinvle treatment, bismuth was removed from 
he solution to an extent such that it no longer gave 
nectrographie evidence of its presence. The metal, 
+ eourse, gave strong lines of bismuth. Several 
accoasivi treatments resulted in removal of pro- 
Lressively smaller quantities of bismuth, although 
Hor the first treatment the solution must have 
ontained less than 0.3 ppm bismuth based on lead 
optent. Copper and silver were also efficiently 
rmoved. Cadmium, zine, and antimony are not 


»~moved by this treatment. 


PROCEDURE FOR THE PREPARATION OF 
High Puriry Leap AND 
Iys COMPOUNDS 

Due to failure of any single procedure to remove 

impurities from lead, a combination of procedures 
was selected as most suitable for the production of 
4 pure sample. These procedures are applied in 
proper sequence to avoid reintroduction of con- 
taminants previously removed. 

Lead acetate is the most convenient and suitable 
starting material; however, the metal, nitrate, or 
other compound may be employed, provided it is 
eventually converted to the acetate. Technical 
awetate is of acceptable purity for the starting 
material. 

Preparation of pure lead consists of three proc- 
esses: (a) treatment of lead acetate or lead nitrate 
ith lead metal, primarily for elimination of bismuth. 
his may be the first or second step, or it is elimi- 
nated if removal of bismuth is not required; (b) 
ead sulfide coprecipitation specifically for removal 

copper, silver, gold, selenium, and _ tellurium; 

high vacuum distillation is required for elimina- 
tion of cadmium and zine. It is also effective for 
removal of practically all metallic elements except 
Further, this 
reduces the gas content to a low level. 


bismuth and possibly antimony. 

or step (a) the solution should be highly con- 
100 ml water to each 200 
grams acetate, and contained in a fused quartz or 
silica fl 


centrated, e.g., about 


ask. Finely divided lead is added in the 
Proportion | g/ 100 g Pb in solution. For 12-24 hr 
the solution is heated in contact with the lead. The 
“olution is decanted, a fresh quantity of lead is 
added, and the procedure repeated for a total of 
‘ive treatments, or until spectrographic analysis of 
residual lead shows that further treatment removes 


rsion to metal by ignition of the purified acetate 
ids in elimination of alkalies, alkaline earths, 
other soluble impurities which escape precipita 
lides, and which are not readily reduced to the 
ondition. However, this is not relied upon for 
1 any impurity 
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no more impurities. Lead employed for each treat- 
ment must be prepared from acetate solution by 
ignition, unless pure lead is available from a pre- 
vious preparation. Considerable care must be exer- 
cised to avoid copper contamination from vessels or 
water during this treatment. Addition of water 
during the last several treatments should be avoided. 

To the solution obtained from the above treatment, 
1 gram thiourea/100 grams lead in solution is added. 
The solution, again contained in fused silica or 
quartz, is heated at the boiling point on a hot plate 
until it darkens and begins to deposit lead sulfide. 
Heating is continued 1-2 hr. The solution is then 
filtered through a fritted silica filter. (Pyrex may be 
substituted since the exposure is brief.) The solu- 
tion is again heated for a similar period and filtered. 
Under these conditions it should be possible to ob- 
tain four small precipitates of lead sulfide. Finally, 
the solution is heated for 12-24 hr, to ensure com- 
plete decomposition of thiourea, and filtered. Spec- 
trographic analysis of the precipitates should show 
that, after the third, there is no further concentration 
of impurities in the precipitate. 

The purified solution is now transferred to a dense, 
high purity, aluminum oxide crucible, which initially 
should be no more than !s5 full. The solution is 
cautiously evaporated at gradually increasing tem- 
perature until a solid residue of lead acetate is 
obtained. The crucible is transferred to a pot-type 
crucible furnace and the temperature of the crucible 
gradually increased to approximately 700°C. (Close 
control of temperature is not required.) During 
heating, the acetate melts, becomes viscous, foams, 
and finally decomposes to a mixture of metal, oxide, 
and carbon. Fresh lead acetate solution is dropped 
onto the lead-lead oxide mixture while heating is 
continued. The previously formed oxide is now 
largely reduced. Contact of cold solution with the 
hot crucible wall should be avoided. Crucible con- 
tents should have free access to air in order to oxidize 
the carbon residue. It is convenient to stir the residue 
and keep it compacted with a rod of aluminum 
oxide or spectroscopically pure graphite. Ignition 
should be ¢ aducted in a hood. At some stages, 
fumes may burn above the crucible. When prepared 
in this manner, a large proportion of lead is formed 
with relatively little oxide. The lead may be sepa- 
rated from the oxide by pouring off into a clean silica 
or Pyrex container; remelting and mechanical 
separation by pouring into a clean container three 
or four times results in elimination of all visible 
oxide.* 

* If oxide or other compound of lead is desired, the igni 
tion may be carried out at 300°C in fused quartz without 
subsequent addition of fresh quantities of acetate. Under 
these conditions, pure lead oxide is formed. However, it 
should be noted that zine and cadmium may still be present 
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For the final step in purification, lead prepared as 
described above is transferred to a fused quartz 
still and redistilled under high vacuum at 700° 
800°C. Head and end fractions (1-2% of total) 
should be discarded. 

Lead produced by the procedure described here 
contains no spectrographically detectable impurities 
within the sensitivity limits given earlier. Traces 
of Si, Ca, Mg, Cu, and Fe which are occasionally 
detected spectrographically are believed to originate 
from even the best obtainable graphite electrodes. 
All available would indicate that this 
lead is probably of the highest purity which has been 
attained. 


evidence 


The methods employed are relatively 
convenient, rapid, and allow high recovery. 
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Mathematical Studies on Galvanic Corrosion 


I. Coplanar Electrodes with Negligible Polarization’ 


J. T. WaABER 


Los Alamos Scientific Laboratory of the University of California, Los Alamos, New Mezico 


ABSTRACT 


Distribution of potential within an electrolyte produced by a coplanar arrangement 


of electrodes has been determined mathematically. Only the limiting case of negligible 


anodie and cathodic polarization is considered. Distribution of corrosion attack on the 


anode has been derived from this potential distribution. 


INTRODUCTION 
\ mathematical study of a typical case of galvanic 
this 
coplanar electrodes placed in juxtaposition are 
The 
that 
Pertinent galvanic cells may consist either of many 


rrosion is presented in discussion. Two 


considered, arrangement is characteristic of 


wal cells occur frequently in corrosion. 
tiny electrodes imbedded in a metal or, in some 
cases, of large pieces of different metals connected 
electrically. It is possible to distinguish more 
sitisfactorily, in a qualitative way, between micro- 
wopic and macroscopic galvanic cells on the basis 
density distribution. In 


current microscopic 


current density is relatively uniform over 


ells 


each electrode, whereas in’ macroscopic cells it 
ries significantly. 

In a given environment, and irrespective of its 
physical size, a galvanic cell may behave as though 
| were “macroscopic” or “‘microscopic,”’ depending 

whether its critical dimension is much larger or 
much smaller than a polarization parameter, Y. 
This critical dimension is that which affects distribu- 
tion of current density most strongly and thus 
depends upon the geometry of the cell. In certain 
cases, it may be the separation of electrodes and, in 
others, the smallest dimension of one electrode. This 
the 


defined by Wagner (1) as 


parameter” has dimension of length and is 


. dak 
¥; = K [1] 

ad, 
‘here A is the specific conductivity of the corrodent, 
Af, is the overvoltage of the ith metal or electrode, 
and .J 
nd , 


denote 


is the current density. The vertical bars 
the absolute value of the derivative. 


Manuseript 23, 1953. This 
iwred for delivery before the Detroit Meeting, 
to 12, 1951. 


yvmbol ¥ is used to emphasize the dimensional 


received February paper 
Was DI 


Octobe 


Ty 


’ 
Char 


u of this parameter and to remove any possible 


Contus vith A which is commonly used to denote con 


LueCTLY 


DERIVATION OF RESULTS 


Only the limiting case in which polarization can 
be neglected is considered. It is equivalent to 
assuming that ¥ is negligibly small. Such would be 
the case if the electrolyte resistance were very high, 
or if the smallest critical dimension, A, of the 
galvanic cell were large in comparison with ¥. 
Hence, because \/¥ is large, such galvanic cells 
behave as though they were macroscopic, irrespective 
of their physical size. If the electrolyte resistance is 
very large, almost all electrodes behave macro- 
scopically. On the contrary, under corrosive con- 
ditions that permit the 
electrodes (¥ large), arrays of macroscopic elements 
may 


strong polarization of 
behave as though they were of microscopic 
dimensions. Solutions of high conductivity can also 
produce the same effect. 


Distribution of Potential 


the elec- 


trolyte is given by Laplace’s equation because space 


Distribution of potential throughout 
charges and sources or sinks for ions are not present 
in bulk The potential 
distribution depends on the geometry of electrodes 


corrosive media. exact 
as well as their voltages. Electrodes are considered 
to be part of the boundary of the electrolyte. In 
order to calculate the distribution of the potential, 
one must solve a boundary-value problem for which 
the values of potential imposed on the boundary of 
the electrolyte, as well as the geometry of the 
boundary, are specified. 

Fourier series and conformal mapping are two 
methods which may 
problems. Fourier series and conformal mapping are 
discussed by Churchill (2) among others, while a less 


be used for solving such 


mathematical approach to various boundary value 
problems is given by Jakob (3) on heat transfer. 
One may calculate the local corrosion intensity by 
evaluating the normal gradient of the potential at 
The numerical evaluation 
difficult and tedious in some cases. 


one electrode. may be 
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Boundary Conditions 


For corrosion by local cells, a coplanar arrange- 
ment of electrodes is pertinent and illustrates the 
principal features needed for an analysis. The 
primary interest lies in the effects due to the anode- 
cathode junctions. In order to eliminate other 
edge effects it is assumed: (a) that long, narrow 
strips of each electrode are juxtaposed to form an 
infinite, alternating array, (b) that the array has 
even symmetry, and (c) that the length in the Z 
direction is so large as to have no effect on the 
current distribution. Such an arrangement is shown 
in Fig. la. At the center of each anode (or cathode) 
one can see intuitively that there must be no net 
current flow since the flow of ions changes direction 
to either side of the center. We shall choose the 
origin in the center of one of the anodes. Since there 
is no variation in potential in the Z direction, and 





Fic. la. Perspective view illustrating relative orienta 


tion and shape of the electrodes 
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Fic. 1b. Distribution of potential assumed as the bound 


ary conditions is shown in the upper drawing. In the lower 
drawing the anode and cathode arrangement is illustrated. 


At the remote edges of the electrodes, boundary condi 


tions are equivalent to assuming insulation. 
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consequently none in the current densi 


We may im ol. 101 
restrict our attention to the two-dime: jong! 4. 
; a Tow 

problem. Because of the highly symmetri: (| arrano, Miter 8 


ment, only a semi-infinite strip of liquid 
first quadrant of the XY plane abov 
needs to be considered. The width of { 
equal to half of the sum of the anode a 


Ing in thelammgiven DY 
the array 
Ss strip Ig 
Cathode 
widths. Geometric relations are illustrated jy ig 
1b. 

There can be no fiow of electrons 


CTOSS the 


boundary formed by the Y axis, and on this bound 
the gradient of the potential in the X directio, 
zero. This statement is mathematically equiyalens 
assuming insulation of the boundary. A  gimily; 
argument shows that the horizontal gradient jn fig 


ary 


1b is zero at the boundary, x = c. 
The potential is measured with respect to th 4 
. vat . 4 ence, 
unpolarized cathode. The anodic potential in exces 
of the cathodic potential, i.e., the potential qi HRP, 1 
ference, is designated as FE, and the potential in the 
solution as P(x, y). 
The pertinent boundary conditions are: 
lhe he 
lim P(x, y) < const. ve tl 
ya a : 
t ¢ 
oP aP 
: = 0 
OX \rut Or + 
E,0O<2x<a 
P(x, 0) = vhere 
QOacs2rse 
Solution by Fourier Series 
A Fourier series, which satisfies Laplace’s equat In {he 
and conditions [2] and [3], is 
x Subst 
P(z,y) = Ac t+ 2. A, exp (—nhy) cos (nhz) 
n=l 
where the constants A, and A, are determined by 
boundary condition [4]. In [5], n is an integer and/ Serie 
is a reciprocal length equal to ised 
h=rne ) of {I 
mil 
One may employ the orthogonal properties 0! 4 
cosine series to obtain the coefficient A,. That 
. > te ° . - ott 
both sides of [5] are multiplied by cos mhx and thi 
. ° . ; PTO 
integrated termwise with respect to x over the rang 
x = Otoz = c. Thus 
2h ft \ 
A, = | P(x, 0) cos (mhx) dx 
7 0 al eC] 
the 
(2é*) , 
= sin (ma B has 
nr” 
prot 
wae | 1 
A, = P(x, 0) dx = E,(a/c) 
Cc Jo nat 








\ter SU itution, the potential at any point is 
nven by 

a 
Pi. 9) 


sin (nha) 
: 2 exp (—nhy) cos (nha) 
TT n=l n 

The equations can be simplified slightly by defining 
sho dimensionless variables. 


t= hx 
n = hy [10] 
a = ha 
Hence 
Pie n | 
x 11 
2E. = | : uy 
z, exp (—7nyn) sin (na) cos (ng) 
T n=l Tl 


rhe normal gradient is the n-derivative of P. There- 
fore the local anodic corrosion rate, r(é), at any 


nt on the electrode surface is 


,\ oP ' 
th a rR, of (12) 
2 On n=—0 


here the constant R, is defined as 


_ 2KM 


R. 
nFy 


[13] 


ln 113), VW is the atomic weight of the anodic metal 


s its charge, and F is Faraday’s number. 
Substitution of [11] into [12] leads to 


 ) 


)= RE, > & sin (na) cos (né) (14) 


n=l 


wtr 


series [14] does not converge and hence it cannot be 
ied for evaluating the corrosion current. Substitu- 

1 of a small nonzero value of 7, into the derivative 

l2| leads to small bounded values of a series 
imilar to [14]. However, it is preferable to evaluate 
the derivative at zere by a different method, and 
t to depend upon a limiting value as yn, approaches 


PTO 


Solution by Conformal Mapping 


\ closed analytic expression which is bounded 

er most of the anodic region may be obtained for 
the n-derivative by conformal mapping. Wagner (4) 
is applied this technique to the solution of similar 
roblems in cathodic protection. 


The semi-infinite strip of. corrodent in Fig. 1b 


may be regarded as the complex Z plane by letting 


z=r+ty 
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where 7 is the imaginary square root of minus one. 
Mathematical transformations are used to rearrange 
the electrode positions into one for which the 
potential distribution is well known. The four steps 
necessary to transform the arrangement of electrodes 
shown in Fig. 2a into that shown in Fig. 2b are 
defined below. The effect of each transformation is 
shown in Fig. 3. The quantity 


_ ie gZa-e ‘ 
y = sin{;- [15] 
- Cc 


is used in the following equations for convenience. 
The first transformation is an expansion which 
changes the scale, 


)» ; 
j 7 aa = € - 
z= ( °) [16] 
2 c 


The second transforms the strip into a semi-infinite 
plane, 
il 


z = sinz [17] 


The third shifts the origin by y units, 





gs =: -7 [18] 
Y 
+ c c’ 
E A 4 nee) 
Electrolyte if \ /, 
o me C ) = . Cathode} Electrolyte = Vanoge 
ASSN /, 
Anodé |. Cathode \ fi) ‘ 
, NH 
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Fic. 2. Net change in relative anode and cathode posi- 
tions brought about by the series of transformations. 
Fig. 2a (left) shows the initial location and Fig. 2b (right) 
shows the final location. 
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Fic. 3. Detailed effects of each transformation from the 
Z plane in Fig. 3a to the Z‘* plane in Fig. 3e. 


















The fourth transforms the semi-infinite plane back 
into a strip, but with a relocation of the vertices, i.e., 
corners. It is a special type of Schwartz-Christoffel 
transformation. 


: dziti 
v= | [19] 
gti(ziii — | 4 y)A(ziti + 1 + )! 


Integration of [19] gives 


' L- 
ziv = 2 arcsin (1 — ) [20] 
V | = % ziii 


It can be shown that boundary condition [4] trans- 
forms to 


P = () for zr = : 
[21] 
P = E, for zr’ = 


» 


2¥ l an ; si 







as long as YY is positive and finite. The solution of 
the problem in the Z*’ plane is well known and gives 
isopotential lines parallel to the Y'’ axis. 











The boundary conditions are satisfied by 


, Ll , 2/1 — 7? 
P = B.Re( os ¥) [22 
») 
2 7 
where Re stands for the real part of the enclosed 
expression. By reversing the sequence of transforma- 
tions one can show that 





= Swi [23] 
| aresin | y — 


+ . wf(2z—c 
2 ¥ sin —¥ 
) Cc 


Equation [23] has an advantage in permitting 





direct calculation of the Y derivative; whereas the 












equivalent Fourier representation [14] does not 


converge at y = 0. The derivative can be shown to 
be 

aP | 

OY yan c 


(3 2a — °) {24] 

COS ° 

2 Cc 

xf 2r-—Ce : gr a-ec 

sin ( — sin ( 
2 Cc 2 c 


if one notes that 






aP ‘dP oz .dP . 
— = = Re|{: [25] 
oY dz Oy dz 
It may be seen that this derivative goes to infinity 
at x = a. Practically, current density remains 


finite because of polarization, but this factor has 
been ignored in the idealized analysis presented here. 
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Potential of a Composite Electrod: ' 
aa ; Ithoug 
rhe potential in solution of a galvanic cel] yi 


Fgand: is 

respect to an infinitely remote reference electy,, we L 

can be derived from equation [9]. The poi entig| » ta given | 

infinite y and any value of z is: 
P(x, ~) = E,(a/c) = E,(a/x) y 

; Waber h 

Under such conditions, the potentia! of a compoxit bi mensionle 

metal or of a galvanic cell depends on the pe.f, ) LE. 
centage of anodic material or phase present. Thi MMB 1/8 


highly important result may also ke derived fry 


The pe yt 
[23]. 


rawings HU 


NUMERICAL EVALUATION hese fields 














. . , s “anodic 
Potential fields have been calculated for + 


a-value of 2/2, r/4, and x/8; that is, for values 
the ratios of the anodic to the cathodic width 
1, l4, and Is. 

Expression [11] or [23] may be used and, 
number of cases, tabulated values of P(x, y) } 


ih 


uipotent 
snode il a 
he corrod 
rathode . 
he anode 
. ures. D 
been checked with both expressions. 
Evaluation of Equation [23}| 


The real and imaginary parts of the aresin mus 
be separated in order to facilitate direct calculat 
For a slightly simpler calculation procedure, |! 
reader is referred to Hawelka’s tables (5) of | 
sines and cosines of complex numbers. However, thy 
following equations are evaluated easily and dep 
only upon the usual trigonometric functions of a1 
variable. Two variables, s and ¢, are defined su! 
that 





oy | ae ee 2) . 
P(z, y) = B.\5 + ~ Resin (, —_ ee o 


Hence, 


~ us -- 
8s = cos (: -_ *) sinh n -' Fig. 4 
r ial for 
; T 
{=> -y + sin (< _ * ) cosh n “! 


It may then be shown that 
> ee 5 abe 
P(z, y) = Ea\5 + —Resin” (uy — i) 


where the quantities 4 and » are 


y(t? + s*) — el — y’°) 
f? ao s 





s(1 — y’) 
ha + s 
The real part of the arcsin is 
Re sin ‘(u — iv) = sin 
Qu 33 
\VQ + wo)? + & + VW — ws)? +2 


:houg! the expression for the potential in terms 
‘sand. is cumbersome to write, only 40 arithmetic 
perations are involved in calculating the potential 


ta give point. 


Potential Fields 


Waber has tabulated elsewhere (6) values of the 
jimensionless parameter representing potential, 
1, y) By, for the values of @ equal to 2/2, r/4, 
nd 4/3 
The potential fields are presented as perspective 
rawings in Fig. 4, 5, and 6. Regard that portion of 
hese fields which has a potential in excess of E,/2 
. “anodic”’ and the remainder as “cathodic.’’ The 
hjuipotential line, P = E,/2, is concave toward the 
ode if a < 2/2. Thus, considerable portions of 
he corrodent are left at potentials near that of the 
4thode. Shrinkage of the anodic portion toward 
he anode, as @ decreases, is illustrated in these 
wures. Daniel-Bek’s (7) and Copson’s (8) experi- 


,o 





Fic. 4. Perspective drawing of the distribution of po 


ential for equal relative anode and cathode areas. 





Fre Perspective drawing of the distribution of po 
*ntial where @ = #/4, that is, where the anode is one 
hird width of the cathode. 
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Fic. 6. Perspective drawing of the distribution of po 
tential where a = 7/8, that is, where the anode is one 
seventh the width of the cathode. 
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Fic. 7. A diagrammatic summary of measurements by 
Daniel-Bek and by Copson illustrating the effect of rela- 
tive anodic size on potential distribution in a corrodent. 
A) Equal anode and cathode areas for Cu-Zn couple in 


NaCl; (B) relative anode area a = 2/3 for Cu-Zn couple 
in NaCl; (C) relative anode area a = x/4 for Fe-Ni couple 
in Bayonne tap water; (D) relative anode area a = 4/5 


for Cu-Zn couple in NaCl. Horizontal dimensions of vari 
ous test specimens have been replaced by a common scale. 
The ordinate in the graph is the relative distance perpen 
dicular to the metallic surface. Heavy lines are the equipo 
tential lines and the others are the flow lines of the ions. 


TABLE I. Relative corrosion current density 


r(x)/E Rh 

x a=r12 a=n4 a=nr8 
o* 0.5000 1.207 2.515 
0.5 0.5098 1.227 2.554 
1.0 0.5411 1.292 2.684 
1.5 0.6013 1.415 2.930 
2.0 0.7074 1.631 3.363 
2.5 0.9003 2.023 4.150 
3.0 i .3068 2.789 5.799 
3.5 2.5628 5.365 11.372 
3.75 5.0968 10.429 21.026 
4.00 x © x 


* Anodic region assumed to be 4 units wide. 
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mental data which are summarized on a common 
relative scale in Fig. 7, qualitatively show this 
shrinkage of the anodic field. In slightly different 
terms the equipotential line that corresponds to 
E,(a/c) and goes to infinity is straight 
































where 
a = w/2. However, this line becomes concave toward 
the anode if a@ is less than 2/2. Daniel-Bek (7) 
made this conclusion on the basis of his experimental 
































studies. 











Evaluation of the Current Density 








The local corrosion rate is given by equation [12]. 
The constant, R,, includes the effect of conductivity 
of the corroding medium as well as the valence type 























and atomic weight of the anodic metal. It is desirable 








to work with dimensionless parameters so that the 








tabulated values may be applied to all similar 
problems. To this end, r(é) is divided by E,R,. Use 
of simple algebra results in 


r(é) r(x) Cc oP 
° : (34 
E.R, Ea Rh FS Oy bye on) 


Values for the right hand side of [34] are given in 





























Table I for three percentages of anodic material. 





For application to a specific experimental problem 





to be discussed in a subsequent report, the anodic 








region was assumed to be four units wide. The 





width of the cathode was adjusted so that the three 





values of a were r/2, r/4, and 7/8. 














As a decreases (for fixed a), the relative corrosion 





current density increases somewhat faster than does 
the sum of the half widths c. 























SUMMARY 








An expression has been derived for the distribution 





of potential within a solution brought about by the 
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immersion of a coplanar galvanic coup 
solution, and numerical values have been 
Only the limiting case of negligible pola: 
discussed. The local corrosion rate was \ 
from the normal derivative of the potential ; 
at the electrodes. 


in the 
Dtained 
Allon js 
culated 


aluated 
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Intensity Anomalies in Electron Diffraction Patterns of CuO’ 


J. M. Cow.ry 


Melbourne, 


hysics Section, Division of Industrial Chemistry, Commonwealth Scientific and Industrial Research Organization, 


Australia 


ABSTRACT 


The oxide layer, giving the so-called CuO’ electron diffraction pattern and formed by 
heating copper in air at 600°C, has been examined by high-resolution electron dif- 
fraction and electron microscopy. It is shown that the intensity anomalies which 
differentiate the CuO’ pattern from the normal CuO pattern are not due to impurities as 
has been suggested. The oxide grows in the form of long needle-like spines approximately 
perpendicular to the copper surface, with one or more screw dislocations along the 
axis of each spine. Each spine is a single crystal of CuO, about 1000 A in diameter, 
elongated along the (110) zone axis. Intensity anomalies of the CuO’ pattern result 


from this particular morphology. 


INTRODUCTION 
Since Murison (1) first reported that the electron 
liffraction pattern obtained from copper surfaces 
heated in air at 300°-600°C that of 
rmal CuO, but, instead, a “three-ring” pattern, a 


is often not 
imber of authors have repeated his observations 
ud offered various explanations for the anomaly. 
lhe three-ring pattern, or “CuO’ pattern,” as it 
has been called, has the same dimensions as the 
ormal CuO ring pattern and so appears to be 
given by a similar monoclinic crystal lattice with 


init cell dimensions of the normal CuO, a = 4.65, 
3.41, ¢ 5.11 A, and 8 = 99°29’. The relative 
ntensities of the rings are, however, markedly 


lifferent. In particular, the innermost ring, the 
110) with d = 2.73 A, is strong instead of weak, 
and the (112) ring with d = 1.95 A is also stronger 


than normal. 
Murison concluded that the pattern is given by 
mother crystal form of CuO. Other suggestions have 
een that it is given by an oxide with the CuO 
structure, but with an excess of oxygen or copper, 
r, more specifically, by an oxide intermediate 
between CuO and CuO. Honjo (2) showed that the 
rings of the CuO’ pattern are usually arced and 
suggested that anomalous intensities result from a 
preterred orientation of crystallites of normal CuO, 
lue to the preferential development of certain 
crystal faces in the growing oxide layer. 

Recently, Gulbransen and McMillan (3) studied 
the oxidation of pure copper and examined con- 
ditions under which the CuO’ pattern appeared. 
They found a dependence on the purity of the copper 
used, in that intensity 
d for high purity copper than for less pure 
They concluded that the high intensities of 
2.73 and 1.95 


iuseript received August 18, 1953. 


anomalies were less pro- 
hour 
COD} 


the gs atd = A result from the 


superposition of strong rings from oxides of other 
metals present as impurities in the copper. 

A series of observations made in this laboratory 
during the early part of 1951 
evidence that, at the case of the oxides 
studied by the author, the explanation given by 
Gulbransen and McMillan cannot be correct, and 


provides ample 
least. in 


that, in fact, abnormally intense rings are given by 
the same material as the other rings. The author 
used an electron diffraction camera of high resolving 
power (4) and obtained are patterns and single- 
crystal patterns from the oxide formed on a fine 
copper gauze by heating it in air. Some of the 
specimens were examined in the RCA Model EMU 
electron microscope. 

Abnormal intensities of the rings may be explained 
in terms of the particular morphology of crystals of 
normal CuO growing in the form of thin spines 
around screw dislocations. This has become evident 
in the course of an investigation on the influence of 
screw dislocations on crystal morphology and 
electron diffraction intensities, with special reference 
to CuO and ZnO smoke crystals (5). 


EXPERIMENTAL OBSERVATIONS 


Electrolytic copper grids, with 200 meshes to the 
inch, such as are sometimes used to support electron 
microscope specimens, were heated in air at 600°C 
for periods of up to 25 hr. The grids then appeared 
jet black in color, with an obvious decrease in the 
size of the holes, indicating a thick oxide layer. 
When beam was limited small 
region along the edge of a hole in the mesh, an are 
pattern, such as that shown in Fig. la, was obtained 


the electron to a 


by transmission of the beam through projecting 
oxide crystals. From the positions of the ares it can 
be deduced that crystals of CuO are preferentially 
oriented with the (110) zone axis perpendicular to 








278 JOURNAL OF THE ELECTROCHEMICAL SOCIETY 


a | 


a, 


Fic. la. Part of an are pattern from CuO crystals grown 
on a copper mesh 





Fic. 1b. Enlargement of single-crystal spots from an 


arc pattern such as Fig. la 


the copper surface. Individual ares are resolved into 
a large number of single-crystal spots, each of which 
is elongated in a direction perpendicular to the 
110) zone axis. An examination of individual 
elongated spots under very high resolution conditions 
(Fig. 1b) shows that elongation is due to extended 
‘shape transforms” similar to those previously de- 
scribed in patterns of ZnO smoke (6). It may there- 
fore be concluded that the oxide grows in the form 
of long thin needles perpendicular to the copper 
surface, with the long axis of the needles parallel 
to the (110) zone axis. 

Electron micrographs of similar regions, Fig. 2, 
confirm that the oxide is in the form of long thin 
needles growing approximately perpendicular to the 
surface. Average diameter of the needles is a little 
over 1000 A; lengths are very much greater. In some 
cases, a spine was observed to extend right across 
one of the grid apertures. 

Some single-crystal diffraction patterns were 
obtained by using a very fine electron probe to pick 





out individual needles. Fig. 3 shows suc} 


obtained with the beam in the (110) dire: tion, ‘y, 
(O01) reflections give the closely spaced lin. oj Spot 


through the central spot. Of these, the ‘eflectiy, 


with 1 odd are “forbidden” in that the inteysgi/e * 
calculated for them from the known structure , 
CuO is zero. The fact that they appear with appp 
ciable intensity implies that considerable seconday e- 


scattering or ‘dynamic interaction” has taken ple 
This is to be expected for CuO crystals more thy 
100 A thick. Weak, continuous lines running betwee 
the spots of the pattern indicate that there js ° 
considerable amount of disorder in the crystal, Thg 

lines are stronger near the spots of the patter 

Lines running near to the central spot are 
pronounced than those further out. The directio 





















































the lines is perpendicular to the axis of the need| Fi 
These observations suggest that the disorder jy th e CuO 
crystal may take the form of screw dislocations alo _ 
the axes of the needle-like CuO crystals. Wilson 7 
has examined diffraction effects given by a s prained 
dislocation along the axis of a cylindrical eryst more th 
The apparent crystal size is, in effect, decreased shadow 
directions perpendicular to the axis. This effect sf" qui 
zero for reflections from planes parallel to th gmge"e""' 
dislocation axis, and the more marked, the great culat 
is the angle between the reflecting plane and this gg?" 
axis. In a single-crystal pattern, such as Fig. 3, thi ye 
would result in an elongation of the spots | broad 
direction perpendicular to the long crystal axis, g wi 
observed. Each needle-like crystal of CuO or 
therefore be considered to contain one or n % oD 
screw dislocations along its axis. The rapid gro second 
of the crystals in the (110) direction may then | nee 
attributed to growth about screw dislocations yives t 
Observations were also made by “reflection” f1 —— 
the surface of a copper block which had been heat: Hons 
in the same way as the copper mesh. The patter 3 a 
refer 
Re! 
btall 
is in 
ear 
patt 
grow 
surfa 
1 
that 
may 
| 
con 
lt 
the 
Fig. 2. Electron micrograph of CuO erystals grow! pu 








from the side of an aperture of a fine copper mes! 
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Fig. 3. Single crystal pattern obtained from a needle 
e CuO erystal. A background of spots given by other 


ils has been removed by masking 


pptained are similar to that of Fig. 1 except that 
more than half of the pattern is obscured by the 
shadow of the block, and the arcing of the rings is 
tt quite so pronounced. The individual spots are 
elongated in the same way, indicating that the same 
wicular crystal habit is present. The general ap- 
that of the CuO’ 
previously obtained by reflection methods. The two 


pearance is exactly patterns 
road (110) ares form an almost-continuous inner 
ng which is of about the same strength as the next 
two rings. These rings are actually composite, the 
first being made up of (002) and (111) ares, the 
second being a combination of (200) and (111) ares. 
lhe merging of the several ares on these strong rings 
gives the appearance of continuous rings even in the 
presence of a considerable degree of orientation. As 
Honjo has pointed out, this fortuitous circumstance 
has prevented many authors from realizing that a 
preferred orientation is present. 

Relative intensities of the ares in the patterns 
tained from the heated copper grids are the same 
is in these CuO’ reflection patterns. It is therefore 
clear that, in the present case at least, the three-ring 
pattern is given by thin needle-like crystals of CuO 
growing approximately perpendicular to the copper 
surtace 


DIscUSSION 


The evidence from which it may be concluded 
that the intensity anomalies are not due to impurities 


may be summarized as follows: 

l. The areing of the (110) and (112) rings is 
consistent with that of the other rings of the pattern. 
lt is unlikely that an impurity would give ares in 
the i@ positions even if the crystals of the im- 


purity had a similar preferred orientation. 
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2. The fine structure of single crystal spots which 
make up the (110) and (112) ares is similar to that 
of spots in other ares, indicating that these ares are 
given by crystals of the same size, shape, and 
degree of imperfection. 

3. Intensities of the (110) and (112) ares are high 
enough to account for the appearance of abnormally 
intense rings in a reflection pattern from crystals 
with a concealed preferred orientation. 

Differences between the normal CuO and the CuO’ 
patterns are, therefore, differences which occur in 
single-crystal patterns, and it is unnecessary to 
postulate the presence of an impurity. The observa- 
tion of Gulbransen and McMillan that the intensities 
of the (110) and (112) rings are dependent on the 
purity of the copper used may perhaps be explained 
if the purity is considered to affect the habit, degree 
of orientation, or degree of imperfection of the 
crystals. 

The idea that 
result of a defect or excess of copper atoms in the 


the anomalous intensities are the 


lattice need not be considered in detail. Such a high 
concentration of defects or excess atoms would be 
required to give the observed modification of the 
intensities that either the lattice symmetry or the 
unit cell dimensions, and hence the ring diameters, 
would be appreciably changed. 

Honjo suggested that the intensity anomalies 
follow from preferred orientation of the crystallites, 
but orientation by itself cannot give rise to the 
observed intensities. This is apparent from the 
calculated structure factors which are given in the 
diagrammatic representation of the arc patterns, Fig. 
t. On the first layer line, the intensity of the (110) 
are should be much less than that of the neighboring 
ares for a normal CuO lattice, whereas in Fig. 1, the 
(110) are is almost as strong as its neighbors. The 
abnormal intensity of the (110) are must, therefore, 
be a result of the previously unsuspected spine-like 
habit of the oxide. 
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Fig. 4. Diagram showing the indices (in brackets) and 
structure factors for the normal CuO structure, for the 
ares on the inner three rings of Fig. la (not to seale). 














The average thickness of the spines is about 
1000 A. A perfect single crystal of this thickness 
would not give diffraction intensities according to 
the simple kinematic theory. Dynamic effects would 
be strong. Intensities would be proportional to the 
first power, rather than the square of the structure 
factors, and dynamic interaction effects would be 









expected to even out the intensities, making strong 
reflections weaker and weak reflections stronger. 
Thus the (110) are would not be as weak, compared 






to its neighbors, as would be expected from the 
kinematic theory. 






Because of the spine-like habit of the crystals, the 
average thickness of crystal traversed will vary 
appreciably for reflections from different planes. 
The spines vary widely in orientation. Planes 







perpendicular to the spine axis can reflect only when 
the spine is perpendicular to the electron beam. 
Planes parallel to the spine axis can reflect for any 








orientation of the spine. For planes perpendicular to 
the spine axis the average thickness will be least. 
The greater the thickness of crystal traversed, the 
more the intensity of a reflection will be reduced by 
extinction, absorption (inelastic scattering), and 






dynamic interaction. The intensities of the (110) 
ares on the first layer line, which are given by planes 






nearly perpendicular to the spine axis, should there- 
fore be reduced less than the intensities of other 







ares. The ares on the zero layer line should be 
weakened most, since they are given by reflections 
from planes parallel to the spine axis. 







Imperfections of the crystal lattice, presumably 
taking the form of screw dislocations parallel to the 
axes of the spines, will modify the intensities in 
much the same way. Wilson’s analysis of the case 
of a screw dislocation along the axis of a cylinder, 








showed that, in effect, the apparent crystal size is 





smaller for reflections from planes more nearly 
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perpendicular to the axis of the dislocat 


extinction effects will reduce intensities | ich m 7 


, the aXis 
ndicular 


for reflections from planes nearly parallel 
than for reflections from planes nearly pe: 
to the axis. 

The relative intensities of the various a 
innermost ring in the pattern, Fig. la, gi 
indication that some such modificatio 
intensities has occurred. The (110) ar 


S ON the 


| ‘ 
Planes 
parallel to the spine axis) is very much weaker thy 


the (110) are (planes almost perpendicular to +, 
spine axis), although the two reflections have 4) 
same structure factor. Similar differences are evi 
on other rings. Therefore, it seems probable tha 
complete explanation of the intensity anomalies 
the CuO’ pattern may be possible in terms of }| 
particular morphology of normal CuO crys 
resulting from growth about screw dislocations 
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Reduction of Oxidation-lons in Hydrocarbons' 


ANDREW GEMANT 


Engineering Laboratory and Research De partment, The Detroit Edison Company, Detroit, Michigan 


ABSTRACT 


The formation of oxidation-ions, resulting from oxidation of aromatic ortho dihy 


droxyl compounds in hydrocarbons, is shown to be either completely or partially re- 


versed upon reduction. Compounds studied were catechol, butyleatechol, and 1 ,2-naph 


thalenediol. Among the oxidizing agents, ozone was studied in detail. Reduction was by 


hydrogen at atmospheric pressure and room temperature. 


From the easy reduction of ions it appears that a large fraction of them are relatively 


simple molecules; their possible structures are indicated. Ortho derivatives of aromatics 


containing additional side chains are likely to be parents of oxidation-ions. 


SCOPE OF STUDY 
\ preceding study (1) attempted to identify the 

s causing increase in electrical conductivity of 
hydrocarbons upon oxidation. An attempt was made 

find a group of easily oxidizable compounds 

hich possess known oxidation products and show 

reased conductivity upon oxidation. Such a 
sroup was considered to be chemically representa- 

eof what can be termed a parent of oxidation-ions. 

Compounds of these characteristics were found 
mong the hydroquinones, particularly in the ortho 
position. In concentrations of a few millimoles per 

ter of hydrocarbon solvent and on mild oxidation, 

a marked increase in conductivity takes place. It 
snot yet possible to assign with certainty a structure 

the oxidation-ions formed. They were tentatively 
dentified as originating from semiquinone radicals 
is oxidation intermediates, stabilized by addition 

oss of an electron. It is realized, however, that 
this explanation might be modified by future work. 

If this explanation is correct, it should be pos- 

ble to reverse by suitable means, at least partly, 
the observed increase in electrical conductivity. It 

as this question to which the present investigation 
as devoted. Since the ions are formed by oxidation, 
t was concluded that subsequent reduction should 
eliminate the ionic species formed and cause con- 
ductivity to decrease. It is known that o-quinone is 
readily reduced by agents like potassium iodide (2, 
4). The same probably holds for intermediate prod- 
ucts which form the ions. 

In addition to the process of reduction, the pres- 
ent study was also concerned with ion generation by 
of 
method throw added light on the nature of 


meal oxidation with ozone. Results obtained 

by tl 

oxidat n-lons. 

M uscript received November 16, 1953. This paper 
ared for delivery before the Chicago Meeting, 

May 6, 1954. 
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REDUCTION OF OXIDATION-IONS FROM CATECHOL 


teduction was carried out with hydrogen at room 
temperature and atmospheric pressure on a plati- 
num black catalyst. A small glass container was 
used for the reduction; it contained 10 ce of solution 
into which were lowered platinum plates which 
were electrolytically coated with platinum black 
and a glass tube with fritted glass at the lower end. 
Hydrogen was bubbled through the solution via this 
tube. Reduction was under rather mild conditions. 

A typical result is presented in Fig. 1. Catechol, 
5 millimole/| in dioxane, was oxidized by silver 
oxide for 2 hr. The increase in conductivity (cor- 
rected for change in dielectric constant) is drawn as 
a dotted line, since only initial and end values were 
measured, the general trend of the curve being known 
from previous data (1). The solution, which had a 
reddish-brown coloration duc ,to o-quinone, was 
decanted from solid silver oxide and subjected to 
reduction. After 2 hr the conductivity level was 
about the same as before oxidation; the color at 
the same time faded markedly. The quinone was, 
therefore, reduced to a considerable extent. After 
18 hr the conductivity was nearly the same 
before, 2.0 XK 10-" mho/em. According to later 
experiments, dioxane is not very suitable as a sol- 


as 


vent involving reduction; the peroxide content of 
some batches apparently interferes with the re- 
duction process. 

Further results along similar lines are assembled 
in Fig. 2, referring to 3 millimole/| p-tert-butyl- 
catechol (recrystallized from the Eastman product). 
In curves 1 and 2 oxidation time was 10 min, and 
in curve 3 it was 20 min. Immediately after oxida- 
tion, which utilized KMnQ,, reduction was achieved 
using a hydrogen stream. Oxidation, accompanied by 
green coloration, increased conductivity; reduction, 
accompanied by decoloration, reduced conductivity. 
The final level in the case of benzene and octane 
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Fig. 1. Electrical conductivity vs. time of oxidation and 
reduction of 5 millimole/l catechol in dioxane 




















was close to the initial one, but somewhat higher 
for xylene. No correction was applied to these data 





because of the small change in dielectric constant. 
It has been pointed out (1) that intermediate 
oxidation products, which form ions, are not always 

















stable; conductivity may change with time. It was 








of interest, therefore, to compare oxidized samples 
that were undergoing reduction with samples of the 
same batch that were allowed to stand after oxida- 
tion. Two results of this kind are shown in Fig. 3. 
Group 1 shows an oxidation curve for 20 min, fol- 
lowed by a branching of the curve. The bottom 
branch refers to reduction, and the top branch toa 
sample that was allowed to stand after initial oxida- 















































tion. Group 2 shows a curve for an oxidation time 








of 135 min, followed by two branches analogous to 
those in the first group. While the top branches show 
only little change, the reduction curves exhibit 
sharp drops. These drops are, therefore, not caused 
by inherent instability of oxidation-ions. 


























It was also of interest to ascertain whether re- 











versals could be effected by repeating oxidation and 
reduction processes. One of the tests carried out for 
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Fic. 2. Conductivity vs. time of oxidation and reduction 








of 3 millimole/| butyleatechol in benzene (curve 1), n-octane 











curve 2), and xylene (curve 3) 
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Fig. 3. Conductivity vs. time for oxidation, redye 
and standing after oxidation. Group 1: butyleatecho 


benzene; group 2: catechol in dioxane. 
this purpose, using the benzene-butyleatec 
system, is reproduced in Fig. 4. It shows four 


dation peaks and four corresponding reduction drops 


indicating that the initial condition was restored 
after each reduction. The peaks are of differey: 


magnitude because no effort was made to 
conditions of oxidation constant 


particle size of 


(amount 
K MnO, crystals, conditions 


stirring, and the like). At each oxidation the greenis 
color of the quinone appeared, disappearing at ead! 


reduction. 


REDUCTION OF OXIDATION-IONS FROM 
o-N APHTHALENEDIOL 


All work up to this point was carried out wi 


dihydroxy! derivatives of benzene. The following 
was an attempt to extend the work to a naphthalen 


derivative. Ortho naphthalenediol is not read 
available, so 1,2-(or 8-) naphthoquinone (Eastm 
product) was used. The compound was dissolved 
benzene and the clear filtered red solution used 

some tests it was previously recrystallized fro 
ether. In order to obtain the corresponding ort! 


diol, the quinone solution was reduced in the ap 


paratus described above. The color faded to a fa 
pink hue. 
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Fic. 4. Repeated oxidations and reductions in « 4 ™ 


limole/l butyleatechol solution in benzene. 
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a ~— ‘| | OXIDATION BY OZONE 
) 10 *n mo | ° | A further er f experiments was erned 
| 1 | = A further group of experiments was cencernes 
Te ae Cee | with ozone as oxidizing agent, and subsequent re- 
12 ir | duction. The results are instructive in providing 
| on Nl / | further support for the hypothesis that ions are 
| ee | | intermediate chemical forms between the fully 

: PS. et 5 Rs reduced and fully oxidized form. 
“| | ts. | 4 | Referring to the reduction arrangement described 
\/ | oO earlier, for oxidation the tube could be connected to 
| | “ ‘ ita a | a cylindrical glass ozonizer, the outer electrode of 
> a Se | which consisted of aluminum foil, and the inner of 
100 200 300 water. High voltage to the ozonizer was supplied 
minutes 


by a transformer using a primary voltage regulator, 
Mig. 5. Oxidation and reduction of 8-naphthoquinone. and oxygen was fed from a tank. 
Curve 1: 2.5 millimole/l 1,2-naphthalenediol in benzene- 


» 


Ry Results on oxidation by ozone are presented in 
sane; curve 2: 5 millimole/l 8-naphthoquinone in 


Fig. 6, curve 1, which refers to a 6 millimole/] 
butyl-catechol solution in xylene. Ozone has an 


rene 


advantage over solid oxidants in that its concentra- 
When such a solution was diluted by an equal é oat ; 

: : tion can be easily varied. This is done by varying 
the electric field across the gap (4 mm) between the 
two glass cylinders of the ozonizer. Curve 1 consists 
of various sections, each referring to periods of 30 
min in which the field was increased in steps as 
indicated; the figures give effective kilovolts per 
centimeter. Concentration of ozone in the oxygen 
stream increases with increasing electric field, as 
was ascertained by the intensity of darkening of 
KI-starch paper. Hence, it may be seen that the 
conductivity effect depends upon the concentration 
of O;, going through a maximum at about 26 
kverr/em. The increasing part of the curve seems 


part of dioxane (final concentration of the diol 
being 2.5 millimole/l) and oxidized with silver 
oxide, curve 1 of Fig. 5 was obtained. In contrast 
to previous curves it shows an induction period of 
about 2 hr, after which a rapid increase of conduc- 
vity takes place, the solution assuming a reddish 

\ somewhat unexpected observation was made 
th 8-naphthoquinone. If no reduction precedes 
xidation, but the original benzene solution (con- 
entration 5 millimole/l) is used and oxidized with 
\g.O, an immediate increase in conductivity takes 
place, as shown in the first part of curve 2. This , ? 
obvious, but the decreasing part is unexpected. 
A possible explanation is that oxidation of catechol 
then proceeds too vigorously; the relatively unstable 
intermediate ionic stages are then further oxidized 
to the end product. 


solution was next subjected to reduction, showing 

rapid drop of conductivity. Repeated oxidation 
vith AgeO produces the same type of oxidation curve 
is in curve 1, as expected. 

The chemical nature of intermediate ions in this 
case is probably similar to that postulated for the 
ase of o-benzoquinone (1). It is known (4) that 
o-naphthoquinone upon standing forms a quin- 
iydrone type compound, (3 ,4-dioxynaphthyl-1)- 


Curve 2 of Fig. 6 is a control test with xylene, 
without butylcatechol, carried out at the same field 
intensities as the previous test. Increase in con- 
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Fig. 6. Oxidation by means of ozone at various field in- 
tensities in the ozonizer. Curve 1: 6 millimole/l butyl- 


id not its reduced form, was used. catechol in xylene; curve 2: xylene only. 


as shown in the first part of curve 2, when the qui- 
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minutes 
Fic. 7. Conductivity changes upon oxidation by ozone 
at various field intensities, upon standing, and upon re 
duction by hydrogen after oxidation; 6 millimole/l butyl 
catechol in xylene 


ductivity is small, hence the major portion of the 
effect shown in curve | is due to the presence of 
catechol, i.e., conductivity is due to ions formed 
from catechol. 

Further results, using ozone as oxidant, are pre- 
sented in Fig. 7. All data refer to a 6 millimole/] 
butyleatechol solution in xylene. The curve marked 
26.2 refers to an oxidation test at the optimum field 
intensity. After the maximum conductivity of 1.6 x 
10-" mho/em is reached, it remains constant with 
continued oxidation, indicating a dynamic equilib- 
rium between ion generation and annihilation. 

The other group of curves has a 30-min oxidation 
section at the optimum field. From this point on, 
three branches are shown. The top branch refers to 
standing of the solution, showing a decrease of 
conductivity due to inherent instability of the ionic 
species. The next branch gives further oxidation 
data at a higher than optimum field intensity, show- 
ing a more rapid drop than on standing. The third 
branch refers to reduction by hydrogen; this drop is 
the steepest, indicating rapid annihilation of ions. 


CONCLUSIONS CONCERNING 


STRUCTURE OF IONS 

Before discussing some conclusions that may be 
drawn from the results on reduction, two pertinent 
points are mentioned. 

One is that only ortho compounds exhibit the 
effect of prompt conductivity changes on oxidation. 
This was shown by previous work (1) and also in 
Fig. 8, (curve 1) with 
butylhydroquinone (curve 2). The absence of any 


comparing butyleatechol 


increase of conductivity in curve 2 proves the point 
in question. A possible explanation is given later. 

The second point is whether or not ions are 
formed in thermodynamic equilibrium with the 
fully reduced and oxidized parent compounds. From 
experimental material available it appears that such 
an equilibrium could at best account for a small 
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Fic. 8. Comparison of butyleatechol (curve | 
butylhydroquinone 
KMnQ, . 


curve 2) in benzene, oxidized 


fraction of ions present and that the major fractiy 
are intermediates of relative stability. It is realize 


that this conclusion is not final and may be subj 
to revision. Michaelis (5) found equilibrium betwe 


quinones and semiquinones, but conditions in hydr. 
carbons are certainly different from those in aqueoys 


solutions. An experimental indication of the abs: 
of an equilibrium in the present case is presented 
Fig. 9. 


Curves 1 and 2 refer to phenanthrenequinoy 
solutions in xylene and xylene-dioxane 1:1. The lef 


parts of the curves reproduce data during reduct 
of the yellow quinone solution, in the course 
which the colorless 9,10-phenanthrenediol 
formed. The right parts refer to oxidation 
KMnQO,, converting the colorless diol back 
yellow quinone. The diol in solution is known to 
unstable (6), oxidizing very rapidly to quinon 
Such rapid oxidation precludes the presence 
any moment of a noticeable concentration of inte! 
mediate ionic species, as mentioned above, and a 
cordingly there is no increase of conductivity 
servable in the course of oxidation. The absenc 


such increase during the entire course of curves | 
and 2 seems to indicate, moreover, that the mer 


presence of the reduced and oxidized forms, eve! 


they are present simultaneously, does not lead }) 
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Fic. 9. Reduction and oxidation of phenanthret 


quinone in xylene (curve 1) and dioxane-xylene (curve - 


Reduction of butyl-o-quinone (curve 3). 
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neans o! an equilibrium to a marked concentration 
of ionic species. 

Curve 3 refers to reduction of red butyl-o-quinone, 
prepared from the corresponding catechol (7). No 
jgnificant inerease in conductivity occurs, in spite 
of the fact that in the course of the reduction both 
ayinone and catechol were present. From the stand- 
»int of the explanation based on ionic intermediates, 
he result shown in curve 3 seems surprising. One 
vould expect ions to form also during reduction. If 
‘he observation is confirmed in further studies, then 
t shows that reduction follows a path different from 
‘hat of the oxidation. Considering the many dif- 
ferent Ways in which a net reaction can and does 
wcur, this is not improbable. 

The observed effect of reduction on conductivity 
shows that oxidation-ions are reduced to nonionic 
molecules. The observed effect is in many cases 
omplete, in others partial. It is perhaps safe to 
assume that the ions that are promptly reduced by 
hydrogen at atmospheric pressure and room tem- 
perature are chemically simple compounds, whereas 
those that are more resistant to reduction are sec- 
ndary molecules of more complicated structure or 
higher molecular weight. The ionic species generated 
fom aromatic dihydroxyl compounds appear, 
therefore, to be simple molecules. In a subsequent 
paper on this study, cases will be. presented that 
exhibit a partial effect upon reduction, indicating 
that only part of the ions are primary products. 

Sticher and Piper (8) subjected the reaction prod- 
wt of eleetron-bombarded decalin to hydrogenation 
vith nickel as catalyst at about 240°C and 200 
iim; a decrease of conductivity in a ratio 1:7 was 
served. Since reduction in their work was carried 
out under severe conditions, a direct’ comparison 
vith the present work is not possible. However, the 
‘wo results appear to be in agreement, and it may be 
that the conductivity in their work was of a kind 
described here. 

The chemical nature of the ions can only be 
tentatively inferred from the various observations. 
li the ions are intermediate compounds, they are of 
the nature of semiquinone radicals. The group with 
two ortho carbon atoms thus has the formula C.0.H. 
he molecule must exist in two forms, an anion and 
a cation; since both are relatively stable, the oxygen 
atoms must have completed electronic octets. The 
probable structure of the ortho groups in question 
is then the following: 


C:0: C::0:H 
I II 

C:0:H Cr:03 

/ ee - ee 
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The remainder of the molecule depends, of course, 
on the original compound present, and may, in 
addition, have the structure of a dimer, tetramer, 
and the like, if such were formed in the course of 
oxidation. Continued oxidation of the radicals and 
the ions leads to quinones; reduction, to ortho diols. 
As may be seen, the assumed structures are a diol 
anion and an oxonium type cation. The kinetics of 
their formation cannot be derived with certainty 
from experimental results of this study. 

The ionic group does not need to be always the 
same. There can be longer side chains than those 
shown above. Since only ortho diols lead to ion 
formation, there is a likelihood that the hydrogen is 
situated between the two oxygen atoms, in other 
words, there may be a hydrogen bond in such ions. 
Such an anion, derived from phthalic acid, is shown 
in III, and a cation, as an oxonium ion of phthalic 


aldehyde, in IV. 


a — ae cs 
C:C:0: C:C::0 
II] H IV H 
CG; san ope eR 

Ps 8) ee J H 


The anion structure shown by III is similar to the 
chelate structure of anions of dicarboxylic acids in 
aqueous solution, discussed by McDaniel and Brown 
(9). 

When the starting compound is not a diol, hy- 
droxyl groups might form as the first step of oxida- 
tion, and ion formation is then a secondary process. 
Side chains in the ortho position, like in o-xylene, 
substantially facilitate such a process. A_ single 
hydroxy! group, as in phenol, favors formation of a 
second hydroxy! in the ortho position. Experimental 
results along these lines will be given in a subsequent 
paper. 

lit is quite likely that not all oxidation ions in 
hydrocarbons have the assumed structures of a 
diol anion and an oxonium cation. Other possibilities, 
such as formation of ion-radicals, should be kept in 
mind. 

Presence of ortho substituents in the benzene ring 
is not the only criterion for a substance to be an 
ion parent. In order to be stable, ions need solvating 
action on the part of solvent molecules. This action 
is partly nonspecific, dependent on the dielectric 
constant of the solvent, partly specific, dependent 
on the chemical constitution of both solvent and 
solute. This latter action on the ions is analogous 
to the solvent action on the parent molecule which 
causes its greater or lesser solubility. The more solu- 
ble a compound in a solvent, the more likely it will 
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form ions. Hence a reasonably good solubility is a 


second essential criterion. 

This is illustrated by catechol, which does not 
give an effect in benzene, but does so in dioxane. 
Butyleatechol, the solubility of which in benzene is 
considerably greater than that of catechol, gives a 
positive effect in benzene. Since side chains generally 
increase the solubility of hydroxyl compounds 
hydrocarbons, alkyl substituted compounds 
hydrocarbon mixtures facilitate the formation of 
oxidation-ions. 

Any discussion of this paper will appear in a Discussion 
Section to be published in the December 1954 issue of the 
JOURNAL. 


.. 
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Kt High Purity Silicon’ 


1309 Feuix B. Lirron anp Hoicer C. ANDERSEN 


Foote Mineral Company, Research and Development Laboratories, Berwyn, Pennsylvania 


ABSTRACT 


Thermal decomposition of silicon tetraiodide was investigated in both standard iodide 
(de Boer) and intermittent flow systems for potential use as a method for preparing high 
purity silicon metal. 

Purity of metal obtained from operation of a standard iodide process cell appeared 
to be a function of impurities in crude silicon source material. lodide metal having re- 
sistivities from 0.5-3 ohm-cm in the single crystal form was produced from Electro- 
Metallurgical high purity silicon. When iodide metal was used as silicon source material, 
the resistivity of single crystals of doubly refined metal varied from 3-8 ohm-cm. 

Silicon of higher purity was obtained through thermal decomposition of fractionally 
distilled silicon tetraiodide in an intermittent flow system. After preparation of tetra- 
iodide by reaction of resublimed iodine and Electro-Metallurgical high purity silicon, 
it was subjected to a 16 step distillation at 200 mm pressure in a packed quartz column. 
The modified iodide process silicon was p-type, and the resistivity varied in seven prepa- 


rations from 30-200 ohm-cm 


INTRODUCTION 


Becket (1) and Tucker (2) are credited with the 
first successful attempt to produce high purity silicon 

commercial quantities. Using metal prepared by 
their process, Scaff (3) observed that different im- 
purities segregated at various rates in directionally 
lidified metal, and that this procedure could be 
ised for controlling distribution of impurities and, 
the metal. 
In 1949, Lyon, Olson, and Lewis (4) reported prep- 
iration ol 


onsequently, electrical properties of 


“hyper-pure” silicon by vapor-phase 
reduction of silicon tetrachloride with zine. 

Other methods have been investigated for the 
preparation of silicon in small quantities. Van Arkel 
5) and Hélbling (6) studied hydrogen reduction of 
the tetrachloride. Silicon was prepared by reduction 

potassium fluosilicate with potassium (7) and 
of fused fluosilicate (8). 
Von Wartenberg (8) thermally decomposed silicon 
tetraiodide on a graphite rod, while Stock (9) in- 


electrolysis potassium 


estigated thermal decomposition of silanes. 

The objective of this research was to prepare 
silicon of the highest possible purity by the iodide 
(10-12). 


Drocess 


EXPERIMENTAL WorRK 
General Consideration 


lt is known that extremely small amounts of 
impurity elements decrease resistivity of silicon 


effect of impurity elements from other groups is 
not as clearly defined. 

During this investigation, thermodynamic cal- 
culations were made in order to estimate the order 
of thermal stability of groups III and V metal iodides 
relative to silicon tetraiodide. Brewer’s data (14) 
were used for reference purposes. A filament tem- 
perature of 982°C and an iodide cell pressure of 10u 
were assumed to represent normal iodide process 
cell operation. 

Calculations indicated that iodides of P, As, and 
Sb were less stable, and that those of Al, In, Ga, 
B, and Bi were more stable, than silicon tetraiodide. 
Therefore, it was anticipated that the concentration 
of the latter elements would decrease and that the 
former elements would not decrease in concentration 
in iodide metal to the concentration of 
those elements in the source silicon. 


relative 


Factors Influencing Rate of Silicon Formation in the 
Iodide Process Cell 


Rate of silicon deposition through thermal de- 
composition of silicon tetraiodide on a heated wire 
in a standard de Boer type iodide cell was studied 
as a function of three operating variables: (a) amount 
of iodine introduced in the cell, (b) cell temperature, 
and (c) filament (hot-wire) temperature. 

Initial experiments were carried out in an Inconel 
cell, 4 in. in diameter by 12 in. long, similar to that 
previously described (12). Low-aluminum grade 
silicon metal? was used as crude source material 


metal (13). Elements in groups III and V have a and was supported at the cell wall by means of a 
pronounced effect on electrical properties. The mc'ybdenum screen. A U-shaped molybdenum wire, 
0.060 in. in diameter by 10 in. long, attached to 
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Fig. 1. Effect of iodine on rate of silicon deposition. 
Filament temperature, 980°C; cell temperature, 400°C. 


the head of the cell through suitable electrode con- 
nections, served as the surface for thermally de- 
composing tetraiodide. The head was also fitted with 
a |5-in. diameter evacuation tube, a sight glass for 
optically determining filament temperature, and a 
thermocouple well for measuring the temperature of 
the source material. 

After crude silicon was placed in the annular space 
between the molybdenum screen and cell wall, the 
filament was attached and the head bolted in posi- 
tion. The cell was leak-tested at 40 psi internal pres- 
sure, after which it was evacuated at 500°C to 0.05.n. 
When the cell had cooled to room temperature, a 
weighed amount of iodine was admitted and the 
evacuation tube sealed off. Before adjustment of 
the filament and cell temperatures to desired operat- 
ing values, the cell was reheated to 400°C for one 
hour to form silicon tetraiodide. When the experi- 
ment was completed, the filament was weighed and 
the rate of decomposition calculated. The crude 
silicon charge was washed with dilute nitric and 
hydrofluoric acids before it was reused for subsequent 
experiments. 

The influence of iodine addition on rate of silicon 
formation at constant filament and cell temperatures 
is shown in Fig. 1. In the iodine weight range of 
2.5-7.5 grams, the rate increased with increased 
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Fic. 2. Influence of cell temperature on rate of silicon 
deposition. Amount of iodine in cell, 7.5 grams; filament 
temperature, 980°C 
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iodine addition, then decreased with fw 


addition. 


The effect of varying the cell temper; 
constant iodine addition and filament t Operatype 
is shown in Fig. 2. Data indicated that maxinyy 
rate of silicon formation occurred at 460°C, } 
though an optimum cell temperature was observed, 
its influence on rate of silicon formation \ 
critical as the amount of iodine added to the cj 
for the deposition process. 

The influence of filament temperature on the ry 
of silicon formation, using 7.5 grams iodine aidditigy, 
and cell temperature of 460°C, is shown in Fig 
Data showed that 770°C was the minimum temper. 
ture at which measurable decomposition of the tetr. 
iodide occurred, and that the rate increased With 
increasing temperature to the highest value studied 


(040°C). 


Apparalus. 
18 in. in diameter by 12 in. deep, was fabricated 
the initial step in preparing silicon in approximat 
one-pound quantities for test 
was designed to operate with a flat spiral filamew 
of 0.10-in. diameter tantalum wire, 240 in. in Jeng 
suspended above the crude silicon starting mate: 
which was distributed at the bottom of th 
Vacuum seal and head arrangement similar to th 
used for the smaller cell were incorporated in tly 
larger unit. Operating temperature Was manu 
controlled by means of strip heaters in contact 


the cell. 


Cell operation. 
ments were prepared from molybdenum, tungst 
tantalum, and carbon for silicon formation exper 
ments. When molybdenum was used, a continw 
alloy zone 0.070 mm thick formed between 
filament wire and silicon deposit. Metal droplets 
assumed to be silicon-tungsten alloy, formed dunng 


Standard Iodide Process Silicon 


the initial stage of deposition on a tungsten filamen! 
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Fic. 4. View of a typical iodide process silicon, actual 


\ discontinuous alloy layer 0.017 mm thick formed 
etween the silicon deposit and tantalum wire, 
howing that tantalum was to be preferred over 
ther molybdenum or tungsten for filament material. 

In the case of carbon, a reaction zone 0.70 mm thick 
is formed. 

lhe cell was operated on a charge of 5 lb of high 
purity grade silicon? and 50 grams of resublimed 
dine. The following operational data were obtained 
from a typical preparation: tantalum wire tempera- 

ie, 982°C; filament length, 170 in.; cell tempera- 

ie, 450°C; preparation time, 74.5 hr; silicon 
obtained, 172 grams. 

The “as deposited” iodide metal was polycrystal- 
ne, and vitreous in appearance. A view of a typical 
preparation is shown in Fig. 4. 

Spectrochemical analysis.—Total impurities as 
reported from spectrochemical analyses on 16 de- 
posits produced from high purity silicon showed that 

f the metal contained 1-120 ppm detectable impurities 
vhich were one or more of the following elements: 
Fe, Al, Ca, Mg, Mn, Cu, and Na. 

Llectrical properties.—Resistivity and type recti- 
lication of iodide process silicon prepared from three 
lifferent source materials are shown in Table I. 
Results are average values obtained on at least four 
preparations from measurements on ‘‘as deposited”’ 
ind single crystal specimens. 

Specific resistance was determined by measuring 
the voltage drop across 0.10 in. of the specimen with 

L&N Type 7651 potentiometer. Rectification 
'ype was indicated by direction of current flow in a 
simple thermoelectric circuit. 

These data indicated that silicon purification was 

‘Obtained from Electro-Metallurgical Division, Union 
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TABLE I. Resistivity and type rectification of iodide 
process silicon 


Resistivity, Type 


Source material For : : 
= ohm-cm _sfrectification 


High Purity (Electro- 
Metallurgical) As de- ( 


— 


.5-3.0 | p and n 
posited 
High Purity (Electro- 


Metallurgical) Single 0.1-3.0 pandn 
crystal* 
lodide process silicon As de- 5.0-8.0 on 
posited 
Iodide process silicon Single 3.0-8.0 | p 


erystal* 
High Purity (Sylvania 
Electric) t As de- 3.0-7.0 (7 
posited 
High Purity (Sylvania 
Electric) Single 0.2-6.0 | n 


crystal* 


* Drawn from quartz crucibles. 
+t Metal prepared from zine reduction of silicon tetra- 
chloride; 99.85% minimum Si content. 


obtained, but that both donor and acceptor elements 
were transferred in the standard iodide process cell 
from a given source material. It was not possible 
to obtain either the degree of purification desired, 
or to determine which elements transferred in this 
work, due to unreliability of chemical procedure in 
the analytical range of interest. 


Preparation of Silicon from Fractionally Distilled 
Silicon Tetraiodide in an Intermittent Flow System 


Preparation and properties of silicon tetraiodide. 
Silicon tetraiodide was prepared by allowing iodine 
to react with silicon at 700°-850°C in quartz ap- 
paratus, similar to that employed by Schwarz and 
Pflugmacher (15). Resublimed iodine was vaporized 
from a heated flask and carried by tank argon 
through a 1-in. reaction tube containing high purity 
silicon. Silicon tetraiodide, a clear yellow liquid 
(mp 122°C), condensed in the downstream portion 
of the apparatus and was retained in a receiving 
flask. 

The yield of tetraiodide was essentially quanti- 
tative with respect to iodine in the presence of excess 
silicon. However, only 45-65 % of the silicon charge 
was utilized in a given iodination experiment. 

Tetraiodide is strongly hygroscopic and corrosive, 
and gradually assumes a red color on exposure to air. 

Vapor pressure of fractionally distilled silicon 
tetraiodide measured in a static isoteniscope as 
reported elsewhere (16) was expressed by the equa- 
tion 


3,862.7 
T 


log Pim 23.3809 — — 4.9934 log T 
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where 7’ is in degrees Kelvin. The normal boiling 
point was calculated to be 301.5°C, compared with 
290°C reported by Friedel (17). The liquid density, 
measured in a small, sealed pycnometer over the 
range 128°-243°C was expressed by the equation: 
p = 340 — 2.5 X 10-* (t-120) g/ec, t= °C (16). 

Fractional distillation of silicon tetraiodide.—After 
exploratory work on fractionation of silicon tetra- 
iodide in a 3.7 step distillation, a column containing 
16 theoretical plates was assembled to obtain metal 
more efficiently in 50-gram quantities for test and 
melting purposes. 

The transparent fused quartz column, 6 ft in 
length by 15¢ in. in diameter, was randomly packed 
with *4¢ in. diameter by 34¢ in. long quartz Raschig 
rings, and during operation kept adiabatic by con- 
ventional means. Reflux was controlled and fractions 
obtained with a quartz du Pont type swinging funnel 
reflux splitter (18), the former actuated by an ad- 
justable electric timer. A 9:1 reflux ratio was used in 
distillation experiments. Pressure in the column 
was controlled by a manostat in combination with a 
vacuum pump and tank argon bleed. 

The column was calibrated by fractionally dis- 
tilling a 20 mole % carbon tetrachloride-benzene 
mixture, and analyzing simultaneously collected dis- 
tillate and residue samples with an Abbé refrac- 
tometer. The number of theoretical steps was deter- 
mined by the MceCabe-Thiele (19) method, and, for 
comparison, calculated by the Fenske equation (20), 
using an average relative volatility of 1.134. It was 
observed that the number of theoretical steps in- 
creased with increased throughput, and varied from 
16-42 at throughputs of 23 and 72 ml/min, respec- 
tively. Inasmuch as the turbulence noted at lower 
throughput approximated that in silicon tetraiodide 
distillation, the more conservative number of steps 
was selected to describe the performance of this 
column. 

A pressure of 200 mm Hg was chosen for column 
operation, corresponding to a boiling temperature 
of 238.1°C for silicon tetraiodide. Referring to Table 
Il, showing the boiling point and vapor pressure of 


TABLE II. Boiling point at 200 mm and vapor pressure at 
238°C of groups III and V metal iodides 


Boiling point | Vapor pressure Relative 
Compound at 200 mm at 238°C, mm elt 
pressure, °¢ Hg 


volatility Reference 


157 36 6.8 

169 { 1.6 

209 36 0.18 
324 2 0.12 
336 2 0.12 
369 0.06 
414 0.006 
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Fic. 5. View of apparatus for decomposing silicon tet 
iodide 


groups III and V metal iodides, the relative volat 
ity, a, of these iodides in comparison to silicon tet 
iodide indicated that, based on the assumptio 


Raoult’s law, boron and phosphorus would segregat 


in the first distillate, while gallium, aluminum 
senic, antimony, and indium would tend to rema 
in the still-pot residue. An enrichment of 4.6 and 
depletion of 5.5 per equivalent plate was anticipat 
in the vapor respectively for phosphorus and galliur 
the iodides having vapor pressures nearest to sil 
tetraiodide. 

Thermal decomposition of fractionally distilled s 
con® tetraiodide.—Thermal decomposition of [1 
tionally distilled silicon tetraiodide was carried 
in the apparatus shown in Fig. 5. A tantalum wr 
0.10 in. in diameter by 3 ft long, formed into a hi 


which represented the most efficient form, was us 
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Fia. 6. Yield of silicon metal vs. flow rate of 
tetraiodide. Filament temperature, 982°C. , 
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for filam: at. Electrical connections were made to the 
jjament ‘hrough a flanged Inconel head and molyb- 
jenum clectrodes. Neoprene gaskets were used for 
electrode insulation, and for sealing the head to the 
qanged (uartz decomposition cell, which measured 
93; in. in diameter by 12 in. long. 

The cell was attached to the vacuum system and 
the tetraiodide flask through 20 mm ground quartz 
joints. During cell operation, undecomposed tetra- 
iodide and free iodine were collected at 28° and 0°C 
and returned to the decomposition cell and iodinator, 
respectively, for reuse. 

Yield of silicon from a given quantity of tetra- 
iodide varied with the flow rate of silicon tetraiodide 
through the decomposition cell at constant filament 
temperature. At a flow rate of 6.9 g/min tetraiodide, 
45% was decomposed; by decreasing the flow rate 
to 2.15 g/min, 71% was decomposed. The efficiency 
of tetraiodide decomposition at various flow rates is 
shown in Fig. 6. Dependence of decomposition effi- 
ciency on flow rate could result either from increased 
pressure or decreased contact efficiency. 

Electrical properties.—Resistivity and type recti- 
jcation of silicon prepared from center distillates of 
fractionally distilled tetraiodide are shown in Table 
III. In each distillation, approximately 50% of the 
still charge was obtained as center distillate, with the 
balance equally distributed between first distillate 
ind residue. 

Resistivity and type rectification were also deter- 
mined on silicon prepared from the first distillate and 


TABLE ILL. Resistivity and type rectification of silicon 
prepared from center distillates of fractionally 
distilled silicon tetraiodide 


. mn No og rex L} Lal Remarks 
1226 Is p SC* 
1234" 30 p SC 
1420 30-200 p SF/ 
1422 100 p SCe 
1464 35-95 p PF’ 
1477 10-80 p SF/ 
1479 37-98 p PF! 
148] 10-80 p PF’ 
1486 14-51 Pp PF! 


Sil, distilled in 3.7 step column. 
Sil, doubly distilled in 3.7 step column. 
Sil, distilled in 16 step column. 
Single crystal. 
?—Polyerystalline, with large faces. 
—Floating-zone technique. 
U— Czochralski technique. 
Prepared by Dr. F. H. Horn, General Electric Research 
Laboratory. 
’repared by Dr. P. H. Keck, Squier Signal Laboratory. 
Prepared by Dr. A. C. Sheckler, General Electrie 
Company, Syracuse, N. Y. 
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residue tetraiodide obtained during processing silicon 
No. 1226 and 1234 (refer to Table III). The first 
distillate yielded metal having 8 ohm-cm and type-p 
rectification; 0.2 ohm-cm and type-n rectification 
were obtained on metal from the residue from silicon 
No. 1226. Similar values from processing silicon No. 
1234 were 10 and 7 ohm-cm resistivity and type-p 
rectification, respectively, from first fraction and 
residue tetraiodides. 


CONCLUSIONS 


1. Rate of silicon formation in a standard iodide 
cell was observed to depend on the variables studied 
as follows: the rate reached a maximum with respect 
to amount of iodine used, then decreased with 
further iodine addition; the rate also reached a maxi- 
mum with respect to cell temperature and rose 
continuously with filament temperature up to the 
highest value employed (1040°C). 

2. Resistivity and type rectification of silicon pre- 
pared in a standard type iodide process cell showed 
that groups III and V elements were transferred in 
the iodide process. 

3. Silicon prepared from fractionally distilled tet- 
raiodide had resistivities of a higher order than 
standard process metal, indicating that the tetra- 
iodide was purified through fractional distillational 
procedure. As work is in progress at the present time 
to determine the degree to which contaminating 
elements are removed and where they are segregated, 
no conclusion could be drawn relative to ultimate 
purification obtainable by this procedure. 
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" Phenomena Observed in the Melting and Solidification 
7 of Germanium’ 
1, 
S. EK. BrapsHaw 
. Research Laboratories of the General Electric Co. Ltd., Wembley, Middlesex, England 


ABSTRACT 


Small spheres of molten germanium, weighing around 10 mg, form pear-shaped solids 
on freezing, and a solidification mechanism is advanced to explain the shape and 
impurity distribution which occurs. Solids are shown to be substantially single crystal 
germanium. 

The shape of a germanium ingot is shown to involve the ratio of the densities of 
liquid and solid germanium, d,/ds, at the melting point, and from the value of 1.13 
obtained for d,/ds, it is deduced that the melting point of germanium is lowered by an 
increase of pressure. It is suggested that germanium may undergo an allotropie modifi- 


cation under pressure. 


INTRODUCTION 


[he melting and solidification of germanium are 
mewhat unusual processes. It is possible to arrange 
xternal condicions so that the solidification-front 
rogresses uniformly through the mass of molten 
naterial, and the solid which results has the shape 
redicted by an analysis based on simple ideas. This 
be illustrated by some _ practical _ methods 
mployed in the preparation of germanium for use 


semiconductor devices. 


Globule Melting 


small spheres of molten germanium, weighing 
ound 10 mg, form pear-shaped solids, ‘‘globules,”’ 
vhen allowed to solidify on a graphite support. The 
hape of a fraction of these globules closely approxi- 
nates a right-circular cone standing on a hemi- 
pherical base, and the remainder possess shapes 
termediate between this and a sphere; the germa- 
im solidifies in such a way that the globule’s cone- 
hxls Is roughly vertical. 

lt has been shown (1) that small spheres of 
holten germanium, solidifying in contact with a flat 
ipport, form slender right-circular cones due to 
iuiiorm progress of a planar solidification front. It 
is also been shown (2) that small spheres of molten 
ermanium can supercool by as much as 235°C. If it 
‘assumed that the supercooled material nucleates 
i the graphite contact surface, rapid advance of the 
olidification front may be postulated as freezing-in 
le original spherical shape, but since the solidifica- 
on process liberates some 8 keal/g-atom, the 
‘mperature of the remaining liquid rises; conse- 
luently the rate of solidification becomes smaller. 

Manuseript received May 20, 1953. This paper was 


| tor delivery before the New York Meeting, April 
-to 16, 1953. 


When the solidification front has slowed down 
sufficiently, the coning phenomenon results. 

Thus, solidification of a small molten sphere of 
germanium to the shape formed by mounting a cone 
on a hemisphere requires a somewhat restricted set 
of conditions, and when these conditions are not 
satisfied, intermediate shapes of globules result. 


Normal Freezing 


Progressive solidification of molten germanium m 
a horizontal direction results in an ingot whose 
cross section varies uniformly along its length, and 
for a horizontal crucible of constant cross section, the 
cross section of the ingot is smaller at the end first to 
solidify and larger at the end last to solidify. 

If the effect due to surface tension is neglected and 
the phenomenon regarded as being due solely to the 
difference in density between solid and _ liquid 
germanium, the height, Y, of the ingot produced by 
a horizontal crucible of constant cross section is 
given by 


(1 — x)“8*)’" = f(Y) (I) 
where x = fractional distance along the ingot from 
the end first to solidify, ds = density of solid 


germanium at solidification temperature, and d,; = 
density of liquid germanium at. solidification 
temperature. The function f(Y) depends on the cross 
section of the crucible employed and, for a rec- 
tangular cross section, is equal to Y/Y» where Yo is 
the height at x = 0. 

If the crucible is tilted at an angle to the hori- 
zontal, the equation describing the shape of the 
ingot is too involved to be of direct value, but it can 
be shown that for certain angles of tilt the variation 
in cross section of ingots is a minimum. It is found 
in practice that tilting the crucible against the 
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Fic. 1. Shapes of typical germanium globules 


direction of solidification by about 5° gives optimum 
uniformity of ingot cross section. 


Zone Melting 


The shape of ingot which results from passage of 
a molten zone (3) along a charge-ingot contained in 
a horizontal crucible of constant cross section 
depends on shape of the charge ingot. When this is 
of constant cross section, passage of a single zone 
results in an ingot whose height is given by: 


(d,/ds) — [(d,/ds) — 1) 

exp (—dsz/d,c) = f(Y) (I) 
where c is the zone length expressed as a fraction of 
the length of the ingot, and the previous notation is 


retained. 


Now, if further zones are passed along this ingot, 














a limiting shape will be reached at which the shape 
of the ingot is unaltered by passage of a molten 
zone. The height of this ingot is given, to a close 
approximation, by 


exp 2|(d,/ds) — Ijza/e = f(Y (III) 


with the notation used in equation (II). 
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Fig. 2. The fraction of germanium solidified, z, at a 
point in a germanium globule vs. the mean value of (turn- 
over voltage)? occurring at this point 
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Fic. 3. Shape of the solid obtained by partial diss 
tion of a germanium globule 


Neither equation (I1) nor (III) will hold for | 
last portion of the ingot to solidify. This will solidif 
normally with a height: given by equation (| 
Equation (III) indicates that the smaller the zo 
length the greater is the variation in the cros 
section of the ingot. For the length of zone common) 
employed, however, tilting the crucible by about 
5-10° against the motion of the zone gives optimum 
uniformity. 


EXPERIMENTAL 


A shallow depression in a graphite bar was { 
with germanium in the form of a fine black powder 
and heated at 1000°C in an atmosphere of N 
15 min. At the end of this period, the bar was rapid\ 


cooled by being brought into the cold part of the 
furnace; subsequently the globule, weighing about 
mg, was removed from the depression. A prepared 
surface in which the axis of the cone lay was « 
plored for turn-over voltage (t.v.), using a mic! 
manipulator and tungsten whiskers. In Fig. 1, th 
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got, where ¢ is 0.332 


shapes of typical surfaces are illustrated, and in Fig. 
» the fraction of germanium solidified at a certain 
listance along this axis is plotted against the mean 
alue of (t.v.)° oceurring at this distance. Fig. 3 
ustrates the shape obtained from a globule by 
partial dissolution in a solvent consisting of equal 
olumes of 4N sodium hydroxide solution and 4N 
«dium hypochlorite solution, the temperature being 
held at 80°C with vigorous stirring. 

\n ingot was produced from a horizontal graphite 
rucible of constant cross section by normal freezing, 
ud its height, Y, measured for different values of z. 
\ plot of log f(Y) vs. log (1 — x) is given in Fig. 4. 

\ similar procedure was employed with the zone- 
melting technique, and a plot of In f() vs. 22/C is 
given in Fig. 5. The zone length, C, was taken as 
being the average distance between the two solid- 
quid interfaces of the 24 zones passed along the 


ngot. 


DISCUSSION 

The mechanism of solidification of the globules 
results in a segregation of impurity analogous to that 
which occurs in an ingot (4) and varying rates of 
solidification are reflected in distribution of impurities 
obtained. For the initial rapid solidification, segrega- 
tion is low and impurity concentration in the solid 
s high. As the solidification rate becomes smaller, 
ind segregation becomes more effective, the impurity 
concentration in the solidifying germanium becomes 
smaller. Since, however, the concentration in the 
quid fraction is now increasing, the concentration in 
the solid begins to increase at some point and 
ontinues to do so until all the germanium is solid. 

\n approximate theory of semiconductors indi- 
cates that (t.v.)° is roughly inversely proportional to 
impurity concentration. For comparison, the result 
ypical ingot is included in Fig. 2; the two 
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ordinate scales have been adjusted until they are 
approximately equivalent. It would appear that both 
shape of the globule and distribution of impurity 
within it are consistent with the solidification 
mechanism advanced. 

Absence of a surrounding crucible for the solidify- 
ing germanium and presence of a planar solidifica- 
tion front are common to both the globule technique 
and the Czochralski pulling method used in the 
preparation of germanium single crystals (5). Cubes 
with truncated corners which are produced from the 
globules by preferential etching technique indicate 
that they are, in fact, substantially single crystals, 
and this was confirmed by an x-ray examination 
which showed the presence of some mosaic structure. 
The result illustrated in Fig. 3 is in harmony with 
the concept of a reciprocity between growth and 
dissolution (6) since it is known that the preferred 
direction of growth in germanium is [100]. 

Values of d,/ds calculated from Fig. 4 and 5 are 
1.13 and 1.11, respectively, but uncertainty in the 
value of C probably makes the latter estimate less 
reliable. The value of 1.13 is intermediate between 
the value of 1.22 reported by Hall (7) and 1.05 
found by Mokrovskii and Regel (8). The abrupt 
change in height of the zone-melted ingot, apparent 
in Fig. 5, is inherent in the process and occurs when 
the volume of liquid in the zone reaches the point 
where the balance of hydrostatic and surface-tension 
forces becomes unstable. Molten germanium then 
flows back over the trailing edge of the zone for a 
short distance, and the balance of forces is restored. 
From equation (II1) it can be scen that if a limiting 
shape is rapidly regained, the slopes of the straight- 
line portions of the graph of 27/C vs. In f(Y) will be 
the same. 

Among the elements, a value of d,,/d 5 greater than 
one is the exception rather than the rule, and it is 
confined to those cases where bonding mechanism is 
substantially covalent. These strongly directive 
bonds result in a relatively open structure, and 
during melting the complete or partial collapse of 
the covalent bonds leads to an increase in density, 
the coordination number for germanium increasing 
from 4 to 8 during melting (9). 

The Clausius-Clapeyron 


equation for phase 


changes, 
AS/AV = dp/dT (IV) 


relates dp/dT, rate of increase of pressure with 
melting point, with AS, entropy of fusion, and 
AV, increase of volume on melting. At the melting 
point, the free-energy of fusion is zero and AH = 
TAS where AH is the heat of fusion. Employing 
Greiner’s values (10) (AH = 8100 cal/g-atom and 
T = 1209°K) gives AS = 6.7 cal/°C. AV = —1.6 ce 
is obtained by substituting (ds/d, — 1) = —0.115, 





72.6, and dx. = 5.25 in AV = Al(ds dy —_ 1) ds. 
Substituting these values in equation (IV) gives 


qP _ —42cal/°C/ce = —1.8 X 10° dynes/em*/°C. 
dT Sot: 
The negative value for this differential coefficient 
implies that an increase of pressure lowers the 
melting point of germanium initially, but calculation 
of the melting point corresponding to any given 
pressure requires a knowledge of the dependence of 
this coefficient on pressure. For bismuth and gallium, 
Bridgman (11) found that d°p/dT* was negative and 
suggested that this indicated some sort of instability 
in structure. With bismuth, gallium, and antimony, 
which have d,/ds > 1, polymorphic transitions were 
found to occur under very high pressure. In the case 
of gallium a new solid phase appeared around 10°" 
dynes/em’, which was denser than the liquid (11). 
In the cases of carbon and tin, it is well known that 
the diamond structure is the thermodynamically 
unstable allotrope at normal temperatures and pres- 
sures, and a graphitic silicon has been reported (12). 
[It would seem reasonable to suggest, therefore, that 
the diamond structure of germanium may not be 
stable under pressure, particularly for elevated 
temperatures. 

Pressure exerted locally by the whisker of a point- 
contact diode is very high—of the order of 10” 
dynes/em’ for a 10-gram load on an apparent whisker 
area of 10°° em’—and its effect upon structure or 
melting point of germanium may be of importance 


’ 


during such processes as the ‘forming’ treatment, 
where it is known that temperatures in excess of 
500°C may be attained. Whisker pressure alone may 
be sufficient to cause a small region of the germanium 
to undergo allotropic modification, and it is signifi- 
cant that Jordan (13) has reported that localized 
pressures of the order of 10°" dynes/em* can modify 
conduction characteristics of very restricted areas 
from n-type to p-type. This modification is perma- 
nent. 


APPENDIX 
DERIVATION OF Equation (1) 


For a horizontal crucible of unit length and constant 
cross section, the cross section of the-ingot at any point, z, 
is a function of the height of the ingot, Y, and some con- 
stants. Call this funetion g(Y). If, during normal freezing, 
the charge is solid from z = 0 to z = z, and liquid from 


? After this paper was written, a letter by R. G. Schul- 
man and D. N. Van Winkle [‘‘Pressure Welded P-N Junc- 
tions in Germanium,” J. Applied Phys., 24, 224 (1953)] 
was published in which a volume change of 5% and a melt- 
ing point of 935°C were quoted as having been obtained 
experimentally. Using these values and 110 cal/gram for 
the heat of fusion, they obtain d7'/dP = —2.4 X 10° de- 
grees/kg/cm?. 
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x= 2xtoz = 1, then, neglecting the effect of 
sion, the weight of liquid, W,, is 





Wy = d,(1 — xr)g(Y) 






In this equation, d, is the density of liquid ge, 
solidification temperature, and it is assumed 
germanium is at this temperature everywh: 


entiating equation (V) with respect to z gives 


—dW, 


dz 





{NU i 
that + 


Differ 









= —d,\(1 — z)g'(Y) — g(Y) 





where g'()) denotes the differential coefficient oj 


with respect to z. But if Ws is the weight of the solid 






= i 
= = s g\ ) i 
dr dx =e VII 







where ds is the density of solid germanium at solidi: 
tion temperature. On combining (VI) and (VII 


($ ) 
— rem 
dj g'(Y) VIII 







QI x) ~ @¥) 





and integration of (VIII) gives 






‘ « 1 , , 
(1 x) (4s'41 = 9(Y)/gQ 





where Y, is the height of the ingot at z = 0 Repla 





g(Y)/g(Y.) by f(Y) gives equation (I). For a crucib\: 
rectangular cross section g(Y) = bY, where 6 is the br 
of the crucible; hence f(Y) = Y/Y,. 








DERIVATION OF Equation (II) 





If, during zone-melting, the charge has been 





from 0 to z, is liquid in the zone z to x + ¢, and so 





the portion still to be zoned from x + c¢ to 1. then 





Wr = dye g(Y) + dsl z—c)g(Y 





and hence 





dWer 


dz 





= dre g'(Y) + ds q(Y) 






Where g()¥) is uniform cross section of the charge ingo! 
Wer is weight of material to be zoned and in process 





being zoned, and ¢ is length of the molten zone, whic! 





constant. The same assumptions are made as in the pr 





ous case. As before, 





dW dW 
- ‘ dsg(Y) | 
dz dz 














where Ws is the weight of germanium which has | 
zoned. Combining (XI) and (X) gives 






dg |g(Y) — g(Y)] 


dr, c 





= 9(Y) Xi! 






The weight of liquid in the first zone to be formed 





d,cqg(Y.), and this zone was formed by melting a weit! 
of the charge ingot ds cg(Y), hence 






as i 
g(Y) = - g(Y.) XIll 


if 





Substituting (XIII) in (XID) gives 





ds 
g(Y.) — — g(¥) (XIV 
dy, sete 
= g()) 
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10on gives 


e ter ( 
1,/ds) — 1] exp(—dsz/dyc) = g(Y)/g(Y.) (XV) 
\ Replacing g(Y)/g! Y,) by f(Y) gives equation (II). 
ui . 
DERIVATION OF Equation (IIT) 
dif let the relationship between g(Y) and z for an ingot 
red with a large number of zones be 


(XVI) 


the condition that this relationship will be unaltered 


g(Y) = o(z) 


the passage of further zones is 


art+ 
dy poe 
| d(x) dz = cg(Y) (XVID) 
} 2 ds 
VII ipproximate solution of this equation is 
| exp 2[(d,/ds) — 1|x/e = g(Y)/g(¥.) (XVIII) 
Rubstituting g(Y)/g(Y.) by f(Y) gives equation (IIT). 
{ny discussion of this paper w'll appear in a Discussion 
\ (es to be published in the December 1954 issue of the 
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reaction. Because the material was to be fabricated into refractory bodies, particular 
attention was paid to the chemical analysis for unreacted BeO, beryllium metal, and 
free carbon; x-ray diffraction identification of the various phases present; and micro 
scopical examination for mineral composition, crystal size, and crystal habit. 

As a refractory, beryllium carbide has several disadvantages. It tends to hydrolyze 


INTRODUCTION 


Because of recent interest in the use of unconven- 
tional refractories such as carbides, nitrides, and sul- 
fides, an investigation was made of the suitability 
of beryllium carbide as a high-temperature refrac- 
tory. 

The earliest work on beryllium carbide appears to 
be that of Lebeau (1) in 1895. He prepared the car- 
bide by two methods: (a) heating a mixture of beryl- 
lium and sugar charcoal in an electric furnace, 


2Be + C — Be.C, 


and (b) heating beryllium oxide with sugar charcoal 
in an electric furnace (40 kw) for about 10 min, 


2BeO + 3C — BeoC + 2C0. 


Lebeau gave it the formula Be,C;, but, after Henry 
(2) pointed out an error in the atomic weight and the 
valency of beryllium had been proven, he adopted 
the formula Be.C. No other carbides seem to exist. 
This compound was described (3) as consisting of 
yellowish-brown transparent crystals with proper- 
ties quite similar to those of aluminum carbide. It 
is so hard it scratches quartz easily. 

The crystal structure of BesC was studied by 
Stackelberg and Quatram (4). X-ray investigation 
showed that BesC has an antifluorite (CaF,) lattice 
like Mg,Si. The following constants were determined: 
a, = 4.33 A; x-ray density, d = 2.44; Be — C dis- 


> ° 


tance 1.87 A; and C — C distance = 3.06 A. 

Work described in the present paper was com- 
pleted in 1948. Subsequently, Geller (5) summarized 
previously known data on physical and chemical 
properties of BexC, and Coobs and Koshuba (6) 
discussed fabrication of this compound. Procedures 

' Manuscript received July 1, 1953. This paper was pre 


pared for delivery before the Wrightsville Beach Meeting, 
September 13 to 16, 1953. 





Preparation and Examination of Beryllium Carbid: 


M. W. Mattett, E. A. Dursin, M. C. Upy, D. A. VauaHan, ann E. J. Center 


Battelle Memorial Institute, Columbus, Ohio 


ABSTRACT 
Properties of beryllium carbide were studied to determine its suitability as a high 
temperature refractory. Various méthods of preparing it were tried and a number of 
the physical and chemical properties of the resulting products were determined. Lots 
containing 85 weight % of useful product were prepared by the beryllium metal-carbon 


in atmospheric moisture and to react with both oxygen and nitrogen, when heated. 
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for determination of the principal constituents and \s tl 
contaminants of BesC were recently described }y ol re 
Gallagher (7). evolu 
PREPARATION a 

aitire 

The Be’C prepared for this investigation was mad and 
by the two basic methods used by Lebeau, that is large 
by heating an intimate mixture of BeO and carbo simil 
and by reacting beryllium metal and carbon. Was 
BeO 

Apparatus hall 

A typical furnace setup is shown in Fig. 1. A semi- argo 
permanent graphite heater crucible was packed in th: 10K 
induction coil with Norblack powder insulatio: was 
Vent holes were formed by pushing twelve !,-in- mre 
diameter wires into the Norblack packing. The top heat 
of the packing was then sealed with Alundum cement abo 
before the wires were removed. Care was taken not cart 
to form the vent holes after applying the Alundum T 
cement, because any oxide carried into the packing abo 
forms gas when heated and forces the Norblack out sint 
sometimes explosively. A second graphite crucibi me 



















containing the charge was slipped into the heater ir 
crucible. Holes were provided near the top of th isu 
inner crucible, into which a heavy iron wire ba The 
could be placed for lifting the hot crucible from th vist 
assembly upon completion of a heat. Another sele 
crucible and charge could then be placed in the ho! the 
furnace and reacted without delay. A solid graph vel 
cover rested on the charge, leaving about |!» con 
of space between this cover and a clay-graphit' ‘ 
cover which rested on the top edge of the cruci)! mi: 
Into this space was flowed a continuous stream In 
argon through a fused-silica tube. This provided 4 Cas 

yrs 





? A proposed method, which appears feasible but has! 
been tried, is a vapor-deposition method in which a mixtur 
of a beryllium halide and a hydrocarbon gas, carried ! 







stream of hydrogen, would be reacted on contact wit! ! 
hot filament depositing Be.C on the filament 
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blanket o! inert gas over the charge during heating. 
, second hole in the outer lid was used for making 
optical pyrometer readings on the inner lid. Occa- 
jonal setups contained a graphite-tube sight-well 
yin. ID x 1 in. OD) centrally located in the charge 
and extending downward through both covers to 
vithin one inch of the bottom of the charge. Lid 
temperatures were compared with “true” tempera- 
wes throughout the range of temperatures used. 
Lid temperatures varied from 300°C low at 1700°C 
ty about 600°C low at 2200°C. 


Experimental Procedure 


In a small exploratory heat, a mixture of stoichio- 
metric quantities of BeO® (—200 mesh) and graphite 
powder (—60 mesh) was placed in a graphite crucible 
and heated in a vacuum furnace (<10-* mm Hg). 
\s the temperature was raised, the first indication 
of reaction occurred at 1500°C, when rapid gas 
evolution began. The reaction had not reached 
completion after two hours’ heating at 1650°C. X-ray 
diffraction analysis indicated that considerable BeO 
and unreacted carbon still remained. Subsequent 
larger heats (600-gram charge) were made using a 
similar mixture except that fluorescent-grade BeO* 
was substituted for the more refractory H. F.-grade 
Be. Oxide and graphite were intimately mixed by 
ball milling together. This mixture was heated in an 
argon atmosphere to a minimum temperature of 
900°C. Even though a temperature of about 2800°C 
was reached in the hottest part of the charge, some 
inreacted BeO and carbon remained after four hours’ 
heating. About 60% yield of material containing 
about 90% BeeC, with the balance BeO and free 
carbon, was obtained. 

The useful product of each heat or lot (described 
above or below) tended to form a sintered or semi- 
sintered mass which could be distinguished by color 
metallic or red-brown) from the relatively loose 
inreacted charge. The unreacted material was 
isually confined to the upper part of the charge. 
rhe amount to be discarded was determined by 
visual inspection and was readily separated from the 
selected product. Percentage of yield was based on 
the weight of selected product and the theoretical 
Weight of BesC to be expected from the beryliium 
content of the charge. 

Several lots of BesC were prepared by heating ¢ 
mixture of beryllium metal flake (Clifton Products, 
Inc.) and minus 60-mesh graphite powder. In some 
cases, carbon black (Norblack) was used in place of 


graphite. It was impossible to get uniform mixing 

hecause of the nature of the flakes which were about 

one inch in diameter and foil-like in thickness. How- 
B Beryllium Company H. F. grade. 


n Products, Ine. 
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Transite Block Induction Coil 


Fic. 1. Furnace setup for metal-carbon reaction 


ever, this was inconsequential because the beryllium 
apparently vaporized during heating so that the end 
product consisted of a cylindrical mass, approxi- 
mately 3459 in. in diameter by 8 in. in length, of 
loosely sintered BeoC grains of about 30-mesh grain 
size. The product ranged from red, through tan, 
bronze, brown, or black according to the free-carbon 
content. 

Later, a rather large supply of finely divided 
beryllium metal in the form of saw chips and turnings 
was available; this material was substituted for 
beryllium flake with similar results. Some advantage 
was gained in using the saw chips because about 650 
grams of charge could be packed in a crucible which 
would hold only 500 grams using the bulkier flake. 

Twenty to thirty minutes at 1700°C was found 
sufficient to complete the metal-carbon reaction. 
This was much more rapid than the BeO-carbon re- 
action and a greater percentage (85 weight %) of 
useful product was obtained. Therefore, this method 
was used to the exclusion of other methods and about 
10 lots of beryllium carbide were prepared. 


An Alternative Method 


In addition to the above methods of producing 
Be.C, several others were tried. Experience gained 
during the pouring of beryllium into hot graphite 
molds showed that beryllium reacts exothermically 
with graphite to form Be.C. The reaction seemed to 
start about 50°C above the melting point of beryl- 
lium. Similar reactions were noted when beryllium 
melts in graphite crucibles were superheated. The 



























300 JOURNAL OF THE ELECTROCHEMICAL SOCIETY 


reaction could not always be brought about, appar- 
ently because, in some cases, a thin adherent layer 
of carbide formed on the inner surface of the crucible 
preventing further reaction. 

When the reaction did occur, the melt solidified in 
spite of increasing temperature. This thickening or 
freezing of the melt was caused by the formation of 
many individual grains of BesC in the metal matrix. 
In many cases, 80-90 % of the volume was comprised 
of these carbide crystals (see Fig. 2). Average particle 
size ran from about 0.5 » to about 100 uw, depending, 
among other things, on the temperature of formation 
and time at temperature. Although grain size varied 
greatly from heat to heat, grains of an individual 
heat were all of the same approximate order of mag- 
nitude. Upon exposure of a polished section of this 
material to air for several days, carbide particles 
took on a pink color. Air etch was the result of hy- 
drolysis of the carbide by the moisture of the atmos- 





ad 





500x Cc 55585 


Fig. 2. Be.C crystals in a beryllium metal matrix, il 
lustrating differences in particle size 
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sphere. Highlights in the large grains (F 
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reflections from within the translucent RB. 










yrains 
Be.C grains were separated by dissolving = 
lium metal matrix in dilute hydrochloric cid, 4) 
though smaller grains were greatly hydrolysed. large 
well-formed crystals showed little attack. ‘Tj, 
method appears well suited for producing relative), 
pure Be.C, although it has been used only on g ral 





scale to date. 

Sloman (8) found similar grains of BesC formed | 
the action of graphite on the metal during electroly. 
sis. Remelting allowed carbide particles to segregss, 







in the bottom of the beryllium ingot. Upon solytio, 
of the metal with very dilute HCl, pink crystals wep 
obtained which were identified as BexC by chemics| 
and x-ray analysis. Sloman states that, in metal co 
taining segregated carbide, the carbides appear 
grayish-brown under ordinary vertical illuminatic, 










Using a wide-angle lens, an intense pink colorati 
was noted. He thought this pink color was caused }y 
a trace of iron carbide. This is unlikely and, in yi 






of observations made on many BesC materials, t} 
pink color in reflected light is evidently due to th 
hydrolysis product on the surface of the carbide 





ANALYSIS AND PROPERTIES OF Be.C 


Various lots of BexC were examined and analyzed 
as they were made or processed. In addition to visu 
examination, the principal analyses made included 
(a) chemical analysis for total and free carbo 
water, and BeoC 





; (b) x-ray diffraction identificaty 
of phases; and (c) microscopic observations whic! 





included measurement of crystal size, identificatio 
of crystal types, identification of phases and estims- 
tion of percentage by area measurement, and ad- 
justed mineral composition after correction for rela- 
tive apparent densities of the constituents. | 
addition, observations were made on hardness, « 
sity, and melting point of BesC. Also, a techniqu 
was worked out for recording in natural color t! 
appearance of the carbide under the microscope 





T ype 8 of Be ryllium Carbide 


Casual examination of the product of the us 





oxide-carbon or metal-carbon reaction has led | 





varied descriptions of the carbide. It has been « 





scribed as pink, red, yellow, orange, tan, bron 





brown, black, metallic, or gray. These designations 
taken alone are quite deceptive. As seen under th 
microscope, in either transmitted or reflected ligh' 
BesC appears as translucent amber grains. Thi 
masking power of black free-carbon particles 





great. As little as 10% by area, as measured unde! 
the microscope, causes the product to look black 
to the naked eye. 


The types of BecC observed in the investigatio! 
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are may be lescribed as: (a) coarsely crystalline, (b) 
ine microcy alline (nodular), and (c) vermiculate (de- 
ryl- éned below). The coarsely crystalline Be,C was ob- 
ry ‘ained in several ways. One product containing 100 % 
ge of this type of crystal was extracted from beryllium 
his metal (see Fig. 2A) which had reacted with a graphite 
ely -rucible. This was the purest carbide produced, con- 
nal! raining only traces of opaque material (free carbon 


or metal) and a small amount of hydrolysis product 
resulting from the acid-extraction process. In lots of 
Be made by the metal-carbon reaction at about 
mc for 1 hr, 95-99 % of the crystals were coarse 
al well formed (see Table I). In addition, this ma- 
e| terial usually contained 5-10% unreacted carbon. 
However, the BesC grains contained no internal free 
arbon (graphite flakes). 
4 Microcrystalline Be,C of the nodular or “grape 
yster” type was produced by reacting beryllium 
metal and carbon at lower temperatures (1700°C) or 
for short times (20-30 min) at 2000°C. A few lots 
were made in which 98-99 % of the BesC phase was 
microcrystalline (see Table I). This material, when 
rushed and pressed, showed better sintering charac- 
teristics than the more coarsely crystalline material. 
Nodular BesC is readily made by the metal-carbon 
reaction; Whereas, in the oxide-carbon method, where 
a long time at temperature is required to complete 
the reaction, only coarse crystals are produced. 

The term “‘vermiculate’’ applies primarily to the 
mass of wormlike tubes often produced when beryl- 
ium carbide heats are taken above 2200°C (see 
Fig. 3). These tubes appear to be formed from drip- 
pings of a viscous fluid. Although they intermingle, 

na- they do not adhere to each other. The interior of the 
hollow structure is an aggregate of angular reddish 





i TABLE I. Preparation and crystal properties of 


beryllium carbide . SETS , “= 7 
Fig. 3. Vermiculate BesC. Top—core of high-tempera- 


Crystal habit ture heat; bottom—individual tubes showing hollowness. 
Preparation of Crystal sizes 
material microns O ‘gen 
statin ; al ' 
" Cluster” | % individual crystals, while the exterior is smooth and metallic 
N t >| ‘ stal gr s 2 rl’ > . . 
ene crystalline | phan ereotale in appearance. The metallic color is caused by a thin 
lime remp, Avg nodules in in calcined i ad Phi ly 2 r sil 
n ( size| calcined powder layer of highly oriented carbon crystals. Because 
‘ yowde , a ° . ‘ “ee . , 
eae fh ws watts of the similarity of the individual crystals of this 

30: 1700' 0.5! 32! 5 98-99 <2 and clinker-like porous material which exhibits the 

2 0 2200 3.0 | 95) 42 5 95 vermiform structure to a. lesser degree, all high- 

“a r= aT a ' » . ; 
220,05) 50) 13) 90-95 o-10 temperature products with the metallic-appearing 

{ 30 2020 0.5) 33 9 98-99 <2 ; 

7 ' . ~ open pee surface have been termed vermiculate. 

) 30 2020 «0.5 47 12 93-95 o-/ . 7 4 — 

6 50 | 2020 | 1.0 | 249 | 82 5 os Vermiculate Be,C is evidently a decomposition 
| 7 15 | 2020 product, formed by loss of beryllium through vapo- 
1) 2200 4.0 | 230 | 83 | Traces 98-99 rization. This leaves an excess of carbon which pre- 

only cipitates as graphite flakes in a BesC matrix (see 
. ; “ 2020 ey ‘ Fig. 4). In one case, graphite flakes were formed by 
0 | 2200 | 1.0 | 154 | 58 2-5 95-98 . 


heating “‘pure’’ BesC (no free carbon) to 2200°C. 
‘These products were made by the metal-carbon re The vermiculate structure appears to have been 
ion using the stoichiometric ratio for BeC. formed by pressure (possibly CO) from within. The 
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Fic. 4. Graphite flakes in a Be.C matrix. Left, unetched, 
right, air etched. 


fact that the tubes distort and conform to the con- 
tour of the crucible wall is evidence that incipient 
melting has occurred. However, this is not a useful 
melting point as the material cannot be cast at at- 
mospheric pressure. 
Samples of Be,C powder contained in graphite 
capsules and heated in argon for 30 min at 2400°C 
formed a clinker-like product. Incipient fusion ap- 
peared to have taken place. At 2300°C, some sinter- 
ing occurred, but no fusion. When similar samples 
were heated in closed graphite capsules in a vacuum 
at >2100°C, BeeC sublimed and condensed as red 
crystals on the lid (2100°C) of the capsule which was 
slightly cooler than the bottom of the capsule. This 
sublimation seems to take place through dissociation 
of the carbide to its elements and recombination at 
a favorable temperature. A similar experiment at 
slightly higher temperature (2120°C on the lid) 
yielded metallic appearing crystals. The metallic 
appearance was caused by a thin layer of vaporized 
carbon on the surface of the carbide crystals. It is 
apparent that, if BesC is to be melted, it must be 
done at high pressures in an inert atmosphere. 









TABLE II. 








Petrographic Analysis* 


Adjusted wt, “> mineral composition after applying 
Lot No ratio tactors Total 
carbon 
Bery|lium . Bery|lium Beryllium ( 
Carbon . [ ‘ 
carbide ( oxide hydroxide 
Bex( BeO [Be (OH)s) 












None 
Tracet 


Tracet 
None 





* Two lots analyzed for beryllium silicate (2BeO-SiO,) showed none in one ec 


+t Less than 1%, but visible. 


JOURNAL OF THE ELECTROCHEMICAL SOCIETY 


Chemical Analysis 








Various lots of BexC were analyzed fo: 
free carbon and soluble beryllium. The pe: 


Be.C was calculated from these figures. A 


typical chemical analyses appears in 
Usually, a mineral balance (free carbon p 


of about 98 % 


was obtained. The rest m: 
counted for as BeO, as evidenced by the ; 
fraction analysis and Be(OH)s, small am 


which form by hydrolysis of BesC with atm: 


moisture. Total carbon was determined 


bustion of a sample of BesC in O2 at 2500°F for 1; 


min. 


Ingot iron was added as a flux for the BeO, com. 
bustion product, which otherwise tends to protec 
the carbide from complete oxidation. Carbon was 
collected as CO. and weighed. The total! carbo 
figure was not always reliable because, even with 
the precautions taken, the analyses appear low and 
often did not agree with the calculated Be.C. 

Soluble beryllium was determined by hydrolyzing 
Be.C in 2.5 


ceased. Free carbon was filtered off and determined 


by combustion as above. 


The free-carbon analyses appear reliable. Micro 
scopic estimates of carbon are sometimes low. This 
is probably caused in part by the presence of colloida 
carbon within the BesC crystals. This is measured | 
chemical means, but not by the microscope. For th 
soluble-beryllium analysis, it was assumed that th 
BeO, which was highly fired during production of th 
Be.C, was 
beryllium was ruled out because of the high vapor 
pressure (about 0.4 cm Hg) at the minimum reacti 
temperature, 1700°C. The only other soluble bery'- 
lium compound likely to be present was Be(OH 


In our early work, no analysis was made for H.) 
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uncombined 
carbon 
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Chenical analysis 


insoluble. The 


Analytical data on beryllium carbide 
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X-ray diffraction analysis 
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N HCI near the boiling point until hydro. 
carbon evolution, as evidenced by bubble formatio 


of 


Be 





other | 








Vol. 1 


and a 
Later 
up dt 
stores 
peng 
as B 
().833 
the B 
the s 
prese 
tweel 
100% 

\s 
to hy 
the fe 


Hy 
conne 
bide. 
were 
hled 
or t¥ 
Bake 
swell 
into } 
as Mm. 
days, 
cryst 
with 
ether 
WOK 
mate 
n tl 
vari 


199 


sligh 
ippr 
Vas 

O20) 
plete 


mois 
L000 


may 








Vol. 1U Vo. 6 


and all -oluble beryllium was assumed to be Be.C. 
Later it was found that about 1% H.O was picked 
up during handling even though the material was 


jored in tightly sealed containers immediately after 


being produeed. Assuming that 1% H,O is present 
ys BeO-H,O (2.389%), then the BesC value is 
833% high and the total assay 1.556% low. Thus, 
‘he BeO shown to be present by x-ray diffraction and 
the small amount of Be(OH). which is probably 
present in all samples account for the difference be- 
tween the total of the free carbon and BeeC and 
100 %e. 

\s indicated above, BeeC has a strong tendency 
to hydrolyze. This reaction takes place according to 
the following reaction: 


BeC + 4H.O = 2Be(OH). + CH,). 


Hydrolysis has been particularly noticeable in 
onnection with vermiculate (high temperature) car- 
bide. Hard clinker-like lumps of this material, which 
were very difficult to break when first made, crum- 
bled into small grains after exposure to air for one 
or two weeks. Samples of the clinker mounted in 
Bakelite hydrolyzed after several days in air and 
swelled to such an extent that the plastic was cracked 
into several pieces. Typical lots of —30 mesh Be.C, 
as made and stored in covered fruit jars for several 
days, analyzed 1.0 weight % HO. A sample of BesC 
crystals (Fig. 2A), when extracted from Be metal 
with dilute HCl, washed with H.O, and dried with 


% HO. Hydrolysis appears un- 


ether, analyzed 6.5 
woidable in this process. A sample of vermiculate 
material, which had hydrolyzed in air, was analyzed 
n the hydrolyzed condition and after drying at 
various temperatures. Before drying, it contained 
12% H,O; drying at 100°C for 1 hr reduced this but 
slightly to 3.7%. Even drying at 400°C for 1 hr left 
ippreciable H.O, 0.71%. When the 400°C treatment 
vas followed by an hour at 650°C, the H.O fell to 
0.20%. An additional hour at 800°C practically com- 
pleted the drying, leaving only 0.09% HO. The H.O 
alysis was made by collecting the H.O evolved 
vhen BeoC was heated at 1000°C for 15 min in a slow 
stream of dry oxygen. 

It appears that certain porosity of beryllium cast- 
igs, made in previously used graphite molds, may 
be attributed to hydrogen from hydrolysis products 
of BeC. BesC formed on the surface of the mold by 
previous castings may hydrolyze and, in spite of 
preheating to 600°F (316°C), may retain sufficient 
hnoisture to cause porosity. Preheating to at least 
(000°C is recommended. After drying, the mold 
may, of course, be cooled to a lower temperature for 


use, 


Chemical analysis of pressed bodies of BesC heated 
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in nitrogen at 1100°C showed an increase of nitrogen 
content (x-ray diffraction analysis showed the pres- 
ence of Be,;N,). At lower temperatures, no nitrogen 
pickup was noted. Other compacts tended to oxidize 
when heated in air at 800°C. 


X-Ray Diffraction Analysis 


In general, the x-ray diffraction analyses of the 
major phases agreed with chemical analyses and 
with observations made using the microscope. Con- 
stituents present in quantities less than 5-10% are 
often not detectable by x-ray methods. However, in 
this series of analyses, BeO as low as 1% was de- 
tected. Be(OH). was found in nearly all the samples 
examined by x-ray diffraction. This is probably, in 
part, the result of hydrolysis of the BesC during 
preparation of samples for x-ray analysis. The 
density of BesC determined from lattice parameter 
measurements agrees with the value d = 2.44, as 
reported by Stackelberg (4). 


Microscopy oF BERYLLIUM CARBIDE 


The various phases present in the usual ‘‘as made”’ 
material were identified under a petrographic micro- 
scope and percentage estimates made by area meas- 
urement. An attempt was made to convert area 
measurements to weight percentages by use of con- 
version factors based on the apparent density of the 
constituents. The minimum, maximum, and average 
size of the carbide crystals were determined, and the 
physical nature of crystals of typical lots were as- 
signed on the basis of crystal-size measurement. Re- 
sults of microscopical examination, chemical analy- 
ses, and x-ray diffraction analysis are summarized in 
Table II. The agreement of the results by the three 
methods is self-evident. 


Identification of Phases 


Beryllium carbide does not occur in nature because 
of its strong tendency to hydrolyze. No optical data 
on beryllium carbide were found in the literature. It 
was found to crystallize in the isometric system and 
to exhibit an amber color in either reflected or trans- 
mitted light. The color in reflected light tends to be 
somewhat more red; whereas, in transmitted light 
the color is slightly more brown. Examined in plane 
polarized, transmitted light, the crystals are trans- 
lucent. They are isotropic and so appear dark in 
polarized light between crossed nicols. A typical lot 
of coarsely crystalline BeeC, produced from the 
metal-carbon reaction, is readily crumbled to minus 
30-mesh grain size in the hand. The individual par- 
ticles thus produced are, in certain cases to a large 
extent, single crystals. 

Because BeoC crystallizes in the isometric system, 
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it has only one index of refraction value. Through 


use of fused solid melts containing mixtures of 


selenium and sulfur, the average index of refraction 
of crystalline BexC was found to be N = 2.64,; 
+ 0.01,;. White light was employed for making 
index of refraction measurements because mono- 
chromatic yellow, sodium vapor light was absorbed 
within the dark-red embedding medium. Therefore, 
the refractive index measurements were made by 
means of the red wave band portion of the trans- 
mitted white light. 

In addition to the carbide phase, the usual lot of 
“as made’ beryllium carbide may contain free 
carbon, free beryllium metal, BeO, and Be(OH).. 
It was not found possible to distinguish between 
beryllium metal and the black, opaque carbon par- 
ticles. It may be possible that this could be done by 
some technique, such as mounting the material in 
clear plastic and examining polished sections under 
reflected light. However, if free metal occurred in 
the usual product, it must have been very minor 
compared to free carbon, as evidenced by x-ray ex- 
amination data. 

Area measurements of free 
graphite flakes in the BesC 


order to convert these measurements to weight per- 


carbon, including 


matrix, were made. In 


centages for comparison purposes, a conversion fac- 
tor for carbon was first determined. Comparison of 
microscopical area measurements and chemical free- 
carbon analyses of 30 samples of the product of the 
metal-carbon reaction indicated that, if the per- 
centage of carbon by area measurement were divided 
by 1.6 to convert area percentage to weight per- 
centage, satisfactory agreement between micro- 
scopical and chemical methods would be obtained. 
Having assigned aw eight percentage value to carbon 
by this means, the area measurements of BeoC and 
Be(OH 


basis of their relative densities. Carbon could not 


, were converted to weight percentage on the 


be corrected on the basis of density alone because it 
is evidently present as porous, bulky particles of low 
apparent density. The carbon of materials from the 
BeO-carbon 
bulkier than that of the metal-carbon reaction and 


high-temperature reaction was even 
required use of a conversion factor of 3.0. A possible 
explanation of the difference is that the carbon of 
the metal-carbon reaction product is unreacted and 
may be considered as rough spheres comparable to 
the shape of the BesC particles, while the carbon in 
the BeO-carbon reaction product, which is present 
principally in the form of thin graphite flakes within 
the BesC 
even when ground to <10 u and so covers a greater 


matrix, retains some of its flaky nature 


area than an equal weight of spherical particles. 
BeO was occasionally present as prismatic crystals 


that were birefringent in polarized light between 








ine 195! 













crossed nicols. It apparently formed in the  ooloy = 
gions of the charge because of incomplet: hielding 
by the argon atmosphere. 

Some carbide products appeared more s ibject , 
hydrolysis than others. In the typical hy drolyze 
material, Be(OH), completely enveloped the Be. 
crystals. The hydroxide appeared to possess erypto. 





crystalline, fibrous structure that was bir 
in polarized light between crossed nicols. 





Iringent 







Crystallography of Beryllium Carbid: 






Crystallographic properties of BesC appear ; 
resemble closely those of fluorite (CaF). Euhedys 
(Be.C) occurs as octahedrons, dodecahedrons, tetry. 







hedrons, or as truncated octahedrons containing th; 





usual 8 octahedral faces plus 6 “cubie’’ pinaco 
faces, adding up to 14 faces in the completed form 


Twinning of the truncated octahedrons can ocr 







parallel to the cubic pinacoid face to form 
cordion-like”’ 





structures. The crystalline phase 





Be.C exhibited perfect octahedral cleavage along foy 





directions. Twinning of BeoC occurred only in hig! 





temperature, coarsely crystalline products. Thre 





lings were the highest order of twinning observed 





date, although fourlings are possible if all conditions 





for stable crystal twinning symmetry were satisfied 





The threelings were joined together through t 





15°-angle bends. Simple, contact-twin crystals of th 





Carlsbad or Siamese twin type were observed, as wi 





as twolings composed of two crystals joined togetly 





at a 45° angle. Crystals also tended to form an op 





link-chain-type of structure composed of from 5-25 





euhedral or subhedral crystals that adhere togeth 





in a continuous, irregular chain. Also, a closed-cha 





type of structure occasionally occurred in whic! 





individual crystals formed densely packed, parall 





rows, having the appearance of a beaded fab 





Both porous and very dense nonporous chain-typ 





structures were observed. 





Other crystal structures include the individu 





euhedral and subhedral crystals mentioned pr 





viously and coarsely crystalline intergranular ag 
gregates of these crystals. In addition, there is t! 






microcrystalline ‘“‘grape cluster’ or nodular type 0! 





crystal aggregate that predominates in bery!liw 





carbide produced by the metal-carbon reaction 
relatively low reaction temperatures (1700°C). | 





‘h, 





grape clusters are composed of anhedral and st! 





hedral crystals which form dense and nonporous 
aggregates. 







Colored Photographs of Beryllium Carbid: 





Because of the difficulty of accurately describing 





in words the colors of beryllium carbide particles, * 





technique was worked out by which the appearat' 





of several representative lots of BesC were recorded 
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. yatur! color on Ektochrome transparencies. A 


ample the material was suspended in a cilanthien 
wd Y dye solution in nitrobenzene on a glass slide. 


Limited transmitted light produced a light brown 
background. Peripheral lighting from small fluores- 
ont tubes illuminated the translucent BeC grains. 
Exposures were made with a Bausch & Lomb re- 
earch metallograph, each exposure requiring ap- 
noximately 45 min. In the colored transparencies, 
cal ean distinguish among translucent, amber 
Re’, the black opaque unreacted carbon, and pre- 
pitated flakes of graphite occurring within the BesC 
rystals Occasional grains of BesC exhibited an olive 
seen color, possibly caused by the presence of pre- 
nitated colloidal carbon. In other BeoC grains, the 


wenish color may be caused by the thinness of 


Won 


HARDNESS MEASUREMENTS 


Coarse crystals of BexC were mounted in Lucite 
| polished. Knoop hardness numbers were then 
iken by means of a Tukon hardness tester. When a 
(\)-cram load was used, crystals shattered or 
hipped away at the impression. Satisfactory read- 
vs were taken with lighter loads. Readings of 2678, 


2520. and 2613 were obtained with a 50-gram load, 


d 2740 with a 25-gram load. It appears that the 
rdness of BeoC is greater than that of silicon car- 
le and approaches the hardness of boron carbide. 


CONCLUSIONS 


BeC may be made by several methods, principal 
f which are the BeO-carbon and the Be-metal-car- 

reactions. The metal-carbon reaction appears 
tter when controlled crystal size is desired. The 
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true translucent amber color of BesC is revealed only 
under the microscope. As a refractory, it has several 
disadvantages. It tends to hydrolyze even in atmos- 
pheric moisture. In heating, BexC must be protected 
against both oxygen and nitrogen. It decomposes at 
about 2150°C with vaporization of the beryllium 
which reunites with carbon in cooler regions, or with 
oxygen or nitrogen, if present. BesC has no useful 
melting point at atmospheric pressure. 
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ABSTRACT 


Rates of ionic mass transfer at nickel electrodes rotating about their axes in the center 
of stationary electrodes were studied using the ferri-ferrocyanide couple in alkaline 
solutions. A general mass transfer correlation was found to apply equally well to dis- 
solution rates of rotating solids and to rates of ionic mass transfer at rotating electrodes. 
This correlation takes into account physical properties of the system as well as geo- 
metric and hydrodynamic factors. The correlation allows prediction of limiting currents 
and concentration polarization at rotating electrodes under a wide range of conditions. 

The nature of polarization involved in reduction of Fe(CN)¢* and oxidation of 
Fe(CN)«* was also investigated. Polarization was found to depend strongly on the 
presence of electrode poisons. With freshly prepared solutions, under exclusion of 
light, and with cathodically treated nickel electrodes, relatively small chemical polariza 
tions were determined. For rotational speeds not exceeding Reynolds number 11,000, 
chemical polarization was found to be negligible in comparison with concentration 
polarization. Under such conditions, the ferro-ferricyanide couple can be conveniently 
used to obtain mass transfer rates for various hydrodynamic conditions, or conversely, 
to verify the validity of mass transfer equations by a comparison of experimental and 
calculated values of limiting currents and concentration polarization. 

The rotating electrode model was found to be most suitable for studying the nature 
of electrolytic polarization phenomena because of uniformity of the current distribution 
and the hydrodynamic diffusion layer at the electrode surface. 


INTRODUCTION 





cylindrical cells. Among many possible methods of 


















Study of mass transfer at working electrodes is of stirring, the case of a rotating electrode IS nol 
fundamental importance (1, 2) in analysis of elec- worthy, not only because it affords experimental 
. . . oi “oo ° “bili 4 ‘ : var 1 } > , ‘ | ea 
trode phenomena and in consideration of concentra- - produc ibility, but also because it petpans appacs 
tion polarization, limiting currents, and rates of tion of methods of hydrodynamics and Miss 
electrode reactions Several typical Cases have been momentum transter analogy In interpretation and 
a De ‘ c < ake . < 
analyzed by the methods of hydrodynamics and correlation of data (9-11). ‘Theoretic al analysi ‘sy 
boundary layer theory, and for a few models, experi- this problem lor electrodes Is further facilitated by 
mental results were successfully correlated (1. 2) uniformity of current distribution resulting from th 
The effect of natural convection in electrolysis was geometry ol concentrse cylindrical electrodes and 
quantitatively evaluated by Wagner (3) and Wilke uniform thickness of the diffusion layer formed 0 
and coworkers (4) among others. Rotating disk the rotating electrode. ; ) 
electrodes were treated mathematically by Levich Recently, rotated electrode surfaces have be 
(5). This theory applies if the diffusion boundary used in chemical analysis and in corrosion studies 1! 
: a are > ry ar “< on > . ) 2 
layer at the disk is laminar. Along the lines sug- parallel with polarographic _methods (12, 18 
gested by Agar (6), Lin and coworkers (7) correlated Industrial applications of this forced convectiol 
. e.° — » ° . are k 4 ‘ ° ’ orte SPS lt 
limiting current densities for the inner electrode of an model are known, and further important us 
annular cell with streamline and turbulent longi- anticipated. ; ' 

. ° ° ° " . an 8) “ . va ° « rg > mass 
tudinal flow. An extension of this study for laminar Phe effect of speed of rotation upon rate ol . 
and turbulent flow along flat plate electrodes was transfer was rst studied by Brunnet (14, 1). 
recently reported (8) found that the diffusion layer thickness, 6, decreases 

rr - . ; ° ° . , . *} » 2 ‘er ¥ " . vey reaver e Col 

The present investigation is concerned with with the ‘3 power of th speed. However, he ¢ : 

° . ° . ° . Tre . or , > “ . ° ‘ ) op nor the 
cylindrical central electrodes rotating in concentric sidered neither the effect of rotor diameter no 


dependence on physical properties of the electrolyte 
' Manuscript received December 16, 1953. This paper 
was prepared for delivery at the Chicago Meeting, May 
2 to 6, 1954. 
* Present address: Stanford Research Institute, Stan * A table of nomenclature is collected at the end of this 
ford, California. paper. 


Therefore, only qualitative conclusions can be draw? 
from these experimental results. 






force 
elect 
cont 
flow 
Bue! 
this 
\7) 
dian 
pen 
rod. 
grat 
rpm 
flow 
adn 
iam 
adj; 





vol, 101, No. 6 


Bucken (16) analyzed the effect of laminar flow 
forced convection upon rate of mass transfer at an 
sjlectrode. In his experiments the external vessel 
oontaining the solution was rotated, and laminar 
dow past the fixed inner flat plate electrode resulted. 
Eucken's mathematical analysis is valid only for 
this particular condition. Kambara and coworkers 
17) adapted Eucken’s treatment to a 0.5-mm 
jiameter platinum wire electrode projecting per- 
oendicularly 6 mm from the axis of a rotating glass 
-od. In the derivation, it is assumed that the velocity 
sradient at the electrode surface is proportional to 
rpm. This is valid for Eucken’s model, where laminar 
fow exists in the entire region of flow, but is in- 
admissible for the turbulent flow case, where 
laminar flow is restricted to the boundary layer 
adjacent to the electrode surface. 

For the sake of clarity, the term ‘rotating 
electrode’ is used henceforth only in reference to 
evlindrical electrodes rotating about their axes in the 
center of stationary, circular, cylindrical electrodes. 
Recently, Roald and Beck (18) used such rotating 
electrodes in a study of dissolution rates of mag- 
nesium and its alloys in hydrochloric acid solutions. 
They found that rates of dissolution increase in low 
acid concentrations with the 0.71 power of the speed 
of rotation. At higher acid concentrations (1.4M 
and higher), the reaction rates become entirely 
ndependent of rotational speeds, as the stirring 
effect produced by hydrogen bubbles evolving at the 
metal interface becomes predominant. This stirring 
effect, however, should not be ignored even at low 
acid concentrations because of turbulence caused by 
hydrogen bubbles moving in the boundary layer 
iljacent to the dissolving magnesium rod. For this 
reason the work of Roald and Beck represents a 
rather special case of forced convection mass transfer. 

In studies of dissolution and corrosion rates of 
rotated metal rods, King and coworkers (19-22) 
estimated the mass transfer coefficients employing 
King and Shack’s earlier experimental finding (23), 
weording to which “normal diffusion (or transport) 
ontrol requires that rates be linear with peripheral 
speed above about 5000 em/min” (22). King and 
Cathcart (24) indicated that the mass transfer 
coeficient is directly proportional to the 0.7 power 
ol the diffusion coefficient of the reacting ionic 
species 
The effect of cylinder diameter, speed of rotation, 
diffusion coefficient, and viscosity on mass transfer 


tates has not been successfully incorporated into a 
‘ingle correlation, although the usefulness of the 
Chilton-Colburn analogy for correlating the perti- 
lent variables was realized by King and coworkers 
In 1937 (25). 

The present work was undertaken with the follow- 


IONIC MASS TRANSFER 307 


ing aims in mind: (a) to establish correlations 
between physical properties of a system, geometrical 
and hydrodynamic conditions, and rates at which a 
solute (ion) is transferred to or from a rotating 
electrode; (b) to determine whether such general 
mass transfer correlations enable prediction of 
concentration polarization and limiting currents in 
steady state electrolysis. 


EXPERIMENTAL 


To assure the latter objective it was important to 
choose an electrode reaction which occurs with 
negligible chemical polarization. For such an 
electrode process the total measured polarization 
(AE,)*’ would represent concentration polarization 
(AE .one) Only, and would make a comparison 
between theoretical prediction and experiment 
possible. However, most of the known electrode 
reactions take place with considerable chemical 
polarization (AE .ien) When finite currents are 
passed. Some oxidation-reduction reactions have 
long been suggested by investigators (26-28) to 
occur with negligible chemical polarization. Recently, 
Moll (29) found no measurable chemical polarization 
for the ferrous-ferric couple at gold and platiium 
electrodes freshly treated by hydrogen and oxygen 
discharge. Essin and coworkers (30) made similar 
studies on the ferrocyanide-ferricyanide couple at 
platinum and nickel electrodes and concluded that 
there is no appreciable chemical polarization 
“when the metal is free of all film that may form on 
the surface.” In contrast, Carmody and Rohan 
(31) reported a measurable chemical polarization for 
this latter system on platinum. A similar conclusion 
was arrived at by Petrocelli and Paolucci (32) who 
studied this couple up to current densities of 25 
ma/em*’. They found, however, that “cathodic 
activation,” i.e., a hydrogen discharge treatment of 
the electrode, tends to decrease chemical polariza- 
tion. 

For the purposes of this study, smoothness of the 
electrode surface was important because of hydro- 
dynamic considerations. In a redox electrolysis, 
unlike in a metal deposition process, the electrode 
surface remains physically unaltered. Another 
advantage of the redox reaction is that steady-state 
electrode potentials are attained in much shorter 
time than in a deposition reaction. 

These findings, in addition to stability considera- 
tions of several contemplated couples, resulted in 
selection of the ferricyanide-ferrocyanide couple and 
nickel electrodes for the present studies. A large 
excess of sodium hydroxide was used in order to 
eliminate the contribution of ionic migration to 
mass transfer (1). 

Solutions of potassium ferri- and ferrocyanide, 
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Fie. 1. Lucite cylinders, outer and inner nickel elec 
trodes 


and particularly the ferrocyanide, are known to de- 
compose slowly in light, resulting in formation of 
cyanide and hydroxide ions according to the follow- 
ing equations (33, 34): 

light 


gn 
[Fe(CN)s|-* + H:O ~ [Fe(CN);/* + CN 


dark 
CN- + HO = HCN + OH 


In alkaline solutions kept in darkness, decomposi- 

tion of these cyanide complexes is practically elimi- 

nated (35). Solutions used in these studies were hey 

Fig. 3. Cell with supporting structure. (Outer electrod 


freshly prepared for each series of runs in black aatemad 


Jena glass bottles. 

15.11 em long, were fitted tightly into corresponding 
Lucite tubes (Fig. 1 and 2). The cell was mad 
liquid tight with neoprene rubber gaskets placed 


Apparatus and Procedure 
A concentric cylindrical cell, 6.16 in. high, built 
from acrylic plastic (Lucite), was equipped with in the grooves. A ground glass joint thermomet 
grooved endplates which could hold as desired one fitted into the top plate with its bulb reaching about 


of three cylindrical plastic tubes of 2.48, 4.00, 5.47 34 in. 


porting structure designed to eliminate vibrations is 
steel driving shaft passing through a teflon packing shown in Fig. 3. 


into the cell. The assembled cell with sup 
in. ID (Fig. 1 and 2). A '9-in. diameter stainless 


gland in the top plate was equipped with a !4-in. 


Electrodes permitted a variation of the ratio 
standard thread allowing nickel electrodes of 1.273, gap to the diameter of the inner electrode ranging 
2.48, and 5.024 cm diameter to be screwed onto it. from 0.104 to 4.88. A Lucite nipple on the to 
The rotated electrode was supported from below 
by a guide pin and teflon lining in order to elimi- ier 
nate eccentric motion. Concentric outer cylindrical 


nickel electrodes of 6.07, 9.87, and 13.69 em ID. all 





BROWN RECORDING 


POTENTIOMETER 


Fic. 4. Schematic diagram of the electrolyzing 
measuring circuits used with the cell for rotating 
Fic. 2. Components of the cell trodes. 
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plate of the assembled cell was screwed into a small 
tapered hole which ended with a }4 mm diameter on 
the inside of the plate and was located 2.541 cm 
from the cell axis (Fig. 4). Through this hole and a 
piece of polyethylene tubing, a continuous liquid 
junction led to reference cell No. 1 equipped with a 
nickel electrode and filled with the same solution as 
that in the electrolytic cell. Reference cell No. 2 was 
connected with the cell by means of a teflon nipple 
(l4-in. OD) leading through the center of the 
Lucite cylinder and ending flush with the inner 
surface of the outside electrode. Such arrangements 
of the liquid junction leading to reference electrodes 
are preferable for two reasons: (a) the flow pattern 
in the cell remains undisturbed, and (b) a distortion 
of current distribution over the electrode surface is 
avoided. 

As can be seen from the diagram in Fig. 4, a 
potential measurement of the rotating electrode by 
means of reference electrode No. 1 involved an 
ohmic potential drop over the annular solution 
space between the radius of the rotating electrode 
and the distance of 2.54 cm at which the small 
opening leading to that reference cell was located. 
For a total current, 7, this ohmic drop was there- 


fore 
: t 2.54 
iR a) In (la) 
Daxh’ s 
a7Kh Pr; 
where Ry, = resistance, ohms; r; = radius of ro- 
tated inner electrode, cm; h’ = height of cell, here 
” or , . 1 
5.11 em; x = conductivity of solution, ohm 
cm 


Similarly a potential measurement of the rotated 
electrode by means of reference No. 2 involved an 
ohmic drop given by: 

iRe = 5, n™ (Ib) 
Since r, , internal radius of the outer electrode, was 
either 6.84, 4.94, or 3.035 em, respectively, for 
series of runs I, Ii, and III, the ohmic drop could 
be computed more reliably by equation (Ib), i.e., 
using reference No. 2. This is particularly true since 
a small geometrical misalignment will cause a lesser 
relative error in the ratio r,/r; of equation (Ib). 

In all runs, potential measurements of the ro- 
tating electrode were taken by means of both refer- 
ence junctions selected one at a time with switch 
S-1 (Pig. 4). Net values obtained after subtracting 
ik, and iRw drops, respectively, rarely differed 
by more than 1%. However, for reasons stated 
above, in most cases measurements with reference 
electrode No. 2 were preferred over an arithmetic 


average of the two measurements. 


lectrical connection to the rotating electrode 
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was accomplished by means of a mercury well (W 
in Fig. 4). A copper contact screw provided the 
connection to the outer stationary electrode. Cur- 
rent was measured with a d-c milliammeter’ or a 
d-c ammeter.’ All ammeters were carefully cali- 
brated by means of standard resistors. Selector 
switch S-2 (Fig. 4) permitted measurements of 
potential by either (a) recording potentiometer’ 
with five ranges, the largest being up to 500 mv, or 
a (b) manual potentiometer,’ using a high sensitivity 
galvanometer as zero instrument.’ The recorder was 
used first to ascertain whether steady-state polari- 
zation was achieved, then the final value was 
measured accurately by means of the manual 
potentiometer. 

Sodium hydroxide, 2N, was used as neutral elec- 
trolyte in preparing five approximately equimolar 
potassium ferricyanide and potassium ferrocyanide 
solutions in the concentration range of 0.009 to 
0.204 mole/|l. C.P. reagents’ were used throughout. 
Slight changes in concentrations of ferri- and 
ferrocyanide ions, caused by use of a solution up to 
limiting current densities, were followed up by 
strict analytical control. Ferricyanide was deter- 
mined by the iodometric procedure (36) and ferro- 
cyanide by permanganate titration (37). 

Before introduction into the cell, each solution 
was alternately deaerated in a glass column by 
means of vacuum, and saturated with nitrogen 
several times to remove dissolved oxygen. Presence 
of a considerable amount of dissolved oxygen in 
the cell would have interfered with electrode reac- 
tions of ferricyanide and ferrocyanide, particularly 
at low concentrations. Furthermore, it was felt that, 
in absence of oxygen, nickel electrodes would re- 
main in an ‘active’ state longer. 

Prior to each assembling of the cell, smooth elec- 
trodes were polished with rouge paper, washed with 
CCl, , and treated cathodically in a 5% NaOH solu- 
tion at a current density of 20 ma/cm* for 12-15 min. 

The assembled cell was filled with a given solu- 
tion at approximately 25°C, the inner electrode set 
into rotation at a selected speed. Value of the elec- 
trode potential at no current flow (ZCP) was meas- 
ured with both references. These were later sub- 
tracted (with proper sign) from the “at current” 
values. Thus any ‘“‘static’’ potential differences due 
to variations in surface structure of the electrodes 
could be accounted for. A relatively small current 
was applied, and the potential of the rotating elec- 


‘Weston (Model 45). 

*Ceneo (Model 6935). 

* Minneapolis Honeywell Company (Model Y-153-X-12). 
7 Leeds and Northrup, Type K-2 (Model No. 7552). 

* Leeds and Northrup (No. 2430). 

® Merck and Company. 
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trode followed with a reference electrode and re- 
cording potentiometer until steady state was 
achieved. Final values were then measured with the 
manual potentiometer, using both reference elec- 
trodes consecutively. Steady-state polarization was 
obtained in a few seconds at high speeds and within 
2-3 min at low speeds. Achievement of the steady 
state, while not essential for determination of limit- 
ing currents, was important for subsequent calcula- 
tions of chemical polarization. A reliable comparison 
of concentration and chemical polarization can be 
made only under steady-state conditions. Current 
was increased in small increments until the limiting 
current, noted by a sudden rise in potential, was 
attained. At a given speed each run was first com- 
pleted with the rotor as cathode. Then polarity was 
reversed and a run was carried out with the rotor 
as anode. When a series of runs with speeds ranging 
from 30 to 1650 rpm was complete, the cell was 
taken apart, the electrodes treated as described 
previously, and reassembled with another electrode 
diameter but with the same inner electrode. Thus 
the effect of the gap between concentric cylindrical 
electrodes was studied for a given solution, given 
diameter of rotating electrode, and given angular 
velocity. The temperature of 25°C + 0.3 was main- 
tained by blowing preheated or precooled air on the 
cell exterior. Physical properties required for cor- 
relative study were determined for each solution 
within the range 20°-30°C. 

Conductivities were measured in a conventional 
conductivity cell, calibrated with 0.9996M KCl 
solution, using an audiooscillator’’ as power source 
for 1000 cycle A.C., a Wheatstone bridge, and an 
oscilloscope’ as zero instrument. 

Viscosities of solutions relative to water were 
measured at several temperatures in a thermostat 
with an Ubbelohde pipette, and absolute viscosities 
calculated using densities obtained by pycnometer 
determinations. 

Diffusion coefficients for ferri-ferrocyanide ions 
ere measured by the capillary method (38). 


Methods of Calculation 


Ionic mass transfer.—Potential values obtained 
for each run were first corrected by subtracting 
(with proper sign) the ZCP differences and the cor- 
responding 7? drops calculated by means of equation 
(1). These net resulting values represented AE, . 
from the known areas of rotating electrodes, cur- 
rent densities were calculated, and plots of current 
density, 7 (ma/em*) vs. AE, (mv) were prepared. 
Limiting current densities were then determined 
for each run at the plateau of the curve. At this 


10 Hewlett-Packard Model 200 C. 
RCA No. 155 A. 


1954 


point, in case of cathodic ferricyanide re 


iction 
runs, the consecutive electrode process \ \s hy. 
drogen evolution. This, however, did not tal place 


before the potentials exceeded 600-700 m.. Fo, 
anodic oxidation of ferrocyanide the plateau wa 
shorter as the consecutive reaction (oxygen eyoly. 
tion) took place at AZ, values of 200-250 my. Ax 
illustrations, Fig. 5 and 6 show sets of « 
and corresponding anodic runs for solution No, 9 a 
speeds up to 1650 rpm. The limiting cathodic eyy. 
rent densities (/.) and the limiting anodic curren 
densities (/,) are given in the corresponding figures 

At limiting current when interfacial concentra 
tion of reacting species becomes zero, the rate of 
ionic mass transfer of ferricyanide ion to the cathode 
or of ferrocyanide ion to the anode can be expressed 
as (1): 


IF 
N = — (1 — t,) = kre, 
EF L I] 
where J; = cathodic (/.) or anodic (J,) limiting 


current densities, amp/em*; n valence chang 
of reacting ion; F = the Faraday constant; ¢, = 
bulk concentration of reacting ion, moles/cc; {. = 
transference number of the reacting ion; k, = 
average mass transfer coefficient, em/sec. Since the 
estimated transference numbers of ferri- and ferro 
cyanide ions did not exceed 0.03 (and was usually 
much lower) due to excess NaOH used as the i 
different electrolyte, equation (I1) can be rewritte: 


as: 


iF 


N = 
nF 


kn Co Ila 

Thus by means of equation (Ila) the averag: 
mass transfer coefficient, *. for the ferricyanid 
reduction and k, for ferrocyanide oxidation, was 
calculated for each run. 

From the measured values of viscosity, u, density 
p, and diffusion coefficients, D, of ferrous and ferri 
cyanide, corrected to the temperature of give! 
runs, the corresponding Schmidt groups Sc 
u/pD were computed for anodic and cathodic ex 
periments. 

The Reynolds number, characterizmg flow pro 
duced in the cell, was found to involve the rotating 
electrode diameter as the characteristic length 
dimension and not the gap between cylindrica! 
electrodes (39). Accordingly, the Reynolds numbe! 
was computed as: 


Ra = —— (1 


where V = peripheral velocity, cm/sec; and » = 
kinematic viscosity, em’/sec. 


Concentration polarization and chemical polariz- 
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‘ion. 1t is Clear that as far as mass transfer studies 


are concerned, it is not necessary for the electrode 
reaction to take place with negligible chemical 
polarization. The mass transfer coefficient, k, , could 
be calculated for any current density if in addition 


to the bulk concentration, c,, the interfacial con- 
centration, ¢;, were known. Since an accurate 
experimental determination of ¢; is extremely diffi- 
cult, mass transfer coefficients are most conveniently 
obtained from limiting current measurements, as 
outlined above. 

However, an electrode reaction with negligible 
chemical polarization was desirable in these studies 
in order to ascertain experimentally whether correct 
predictions of limiting currents and concentration 
polarization can be made from a general mass trans- 
fer correlation for rotating cylinders. 

The ferri-ferrocyanide couple was therefore in- 
vestigated as to the nature of polarization associated 
with both cathodic reduction of ferricyanide and 
anodic oxidation of ferrocyanide on nickel elec- 
trodes. This was done as follows. 

(A) From graphs of J vs. AF y (of the type shown 
in Fig. 6 and 7), values of J and AE, were read off 
at equal current density increments and tabulated 





DIA. OF ROTATING CATHODE: 
DIA. OF OUTSIDE ANODE: 


2.48 cm 
9.87 cm 
0.1990 m/L K,Fe(CNig 
SOLN. No. 9, IN. CONC. {0.2027 m/L Ka Fe(CNlg 
2.004 m/L Na OH 
Te 25°C 20.2 


SYMBOL RPM CATH. LIM. CURRENT, I, mAscm2 
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5. Cathodic polarization curves of ferricyanide ion 
re tion, 
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DIA. OF ROTATING ANODE: 2.48cm 
DIA. OF OUTSIDE CATHODE: 9.87 cm 


' 0.2027 m/L Kg Fe(CNlg 

SOLN. No. 9, IN. CONC. 40.1990 m/L Ky Fe(CNi¢ 
0.2004m/L No OH 
T= 25°C +02 

SYMBOL RPM ANODIC LIM. CURRENT, 1, mA/scm? 
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Fic. 6. Anodic polarization curves of ferrocyanide ion 
oxidation. 


up to current densities equal to 70-75% of limiting 
current density. 

(B) Using J. , and J, (both obtained for the same 
solution, cell geometry and speed), AF .one for this 
redox couple was calculated (30, 40) for each cur- 
rent density by the following equations”: 


AE wn = = In : - 4 . (for cathodic case) (1Va) 
AE cone = = In bs oF (for anodic case) (IVb) 


(C) AE chem at each of the applied current den- 
sities was calculated by subtracting the calculated 
AE vone from the experimentally obtained AF; : 


AE chem - AE, = AE cone (V) 


It is interesting to note that, from equations 
(IV) and (V) for the case of a redox electrode reac- 
tion with negligible chemical polarization, a plot of 


'2 Actually the derivation of equation (IVa) assumes 
that the mass transfer coefficient is independent of current 
density. In forced convection such an assumption is well 
justified. 
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Fic. 7. Cathodic reduction of ferricyanide. Mass trans 
fer at rotating electrodes 


experimental values of AE, versus log Q, where 


Q eth (VI) 
l+t//I, 
(upper sign for cathodic, lower for anodic case) 
should yield a straight line with slope 2.303 RT /nF. 
For the ferri- ferrocyanide couple n = 1, and ex- 
pressing potentials in millivolts, the slope for ex- 
periments performed at 25°C should be 59.1. 


RESULTS AND DIscuUSSION 
Correlation of Mass Transfer Rates 


lonic mass transfer results presented here were 
part of a broader study involving dissolution of 
rotating cylinders cast from benzoic and cinnamic 
acid into water and aqueous glycerol solutions (39). 
A general type of correlation based on methods of 
momentum-mass transfer analogy was obtained 
using the following parameter: 


/ k 0.f , 
jp = = (So) (VID) 
} 
in which Se = v/D accounts for the physical prop- 


erties of the system and fs, is given by equation 
(Ila). 

Fig. 7 and 8 show logarithmic j,, vs. Ry plots of 
mass transfer data for reduction of ferricyanide 
and oxidation of ferrocyanide, respectively. Table I 
gives a typical set of data,” including physical 
properties, for one of five solutions studied. Average 
deviations of points in Fig. 7 and 8 from the best 
line are +7% and +6.6% for the two electrode 
reactions. These experiments involved a Schmidt 
number variation of 2230 to 3650 and a Reynolds 
number range of 112.0-162,000 (peripheral velocities 
1.17 to 426 cm/sec). Limiting current densities 
varied from 0.43 to 113 ma/em’. 


'§ Complete data are given in Reference (39). 
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Fig. 8. Anodie oxidation of ferrocyanide. Mass ¢ 
at rotating electrodes. 


ranster 


. . a , 
= — (S,)°-4 vs. Ry 





In Fig. 9, lines correlating electrolytic data a 
compared with results obtained by solid dissolutio 
studies. Results for the various systems agree with 
each other within 7% and all lie within experi 
mental error involved in determination of frictions 
drag coefficient, f/2, obtained by Theodorsen and 
Regier (11). 

Such an agreement is very encouraging in view 
the Chilton-Colburn analogy (41) which suggests 
that 

Jp = me o(Se) = f/2 Vill 
| 
where @ (Sc) represents a function of the Schmidt 
number. [For a detailed discussion see Referenc 
(39).| 

In Fig. 10, all mass transfer data for three solid 
dissolution systems and the two electrolytic redox 
reactions were plotted together. The best curv 
(within +8.3 %) through all points is represented by 
coordinates given in Table II. 

In the Reynolds number range 1000—100,000 data 
are best represented by a straight line (dashed in 
Fig. 10) given by 


jp = qzSe™ = 00791 Ro (IX 


From equation (IX) a number of interesting 
practical relations may be derived. 

Recalling that the mass transfer coefficient /, = 
I,/n¥e, , the following relations for limiting current 
density may be obtained: 


Vd 0.30 y 0.644 
I, = 0.0791 nFe,V ( . ) (7) 


_ 0.0791 nFc, y° af * 0 ed 0 “ay 644 X 


Mo 2 
= nF ; (amp/cm’) 
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TABLE I. Mass transfer at rotating electrodes, ferri-ferrocyanide couple. (Sample data).* Solution No. 9 
(2.004N NaOH) 
Cathodic reduction of ferricyanide Anodic oxidation of ferrocyanide 
V cm/sec | T°C | 775 10 Ra ke X | DX ke X | DX 
. 7 ‘ ay x I, 105 105 5 bX “tonze x Ie 105 105 P b X 
mole/cc |™4/em?, cm cm? ¢ 108 mole/cc |™2/cm?| cm cm? ; 108 
sec sec sec se 
l3a. d; = 1.273 cm A = 61.2 em? Ser. II (d, = 9.87 em) 
IT6A 114.9 25 1.423 10,280 0.2030 | 52.0 265.50.3903,649 4.55 
7, 278A 81.5 25 1.423 7,291 | 0.1988 | 42.2 |219.8)0.454\3, 134) 4.82) 0.2029 | 42.0 |214.4/0.39013 649; 5.18 
my. IBLA 10.4 25 1.423 3,614 | 0.1982 | 28.2 147.3'0.454/3,134 6.51) 0.2028 26.0 132.610.3903 .649 6.46 
iC’ IS5A 20.0 25 1.423 1,789 | 0.1976 | 16.6 | 87.0)0.454'3,134) 7.76 0.2027 | 16.4 | 83.9:0.3903,649 8.27 
ee’ ISTA 6.8 | 25 1.423 608 | 0.1971 8.8 | 46.2:0.454'3,13412.1 0.2026 8.9 | 45.4/0.390/3,64913.1 
“uy. 201A 2.07 | 25 1.423 185 | 0.1961 | 3.75) 19.90.4543,13417.1 0.2024 | 3.55) 18.20.3903 ,649 17.3 
3b. d; = 2.48 em A = 117.6 cm? Ser. II (d, = 9.87 em 
(134A 214.9 25 1.423 37,460 | 0.1990 | 72.2 376 0.4543,134 3.12 0.2027 72.0 368 0.390:3,649 3.37 
=. 136A 148.7 25 1.423 25,920 | 0.1970 | 55.8 294 0.4543,134, 3.53 0.2026 53.4 (273 0.390:3,649) 3.62 
7(°. 138A 109.5 | 25 1.423 19,080 | 0.1960 | 45.2 |239 0.454/3,134) 3.89 0.2025 43.7 |224 (0.390/3,649 4.03 
a 140A 78.2 25 1.423 13,630 | 0.1945 | 35.0 (186 (0.4543,134) 4.25, 0.2024 | 33.9 (174 (0.390'3,649) 4.37 
11°. 142A 39.3 25 1.423 6,850 | 0.1935 | 22.3 119 (0.454/3,134) 5.41 0.2023 | 21.5 |110.10.390'3,649) 5.51 
19(° 144A 13.1 25 1.423 2,283 | 0.1925 | 10.5 57 0.454/3,134) 7.76) 0.2023 | 10.1 | 51.80.3903,649) 7.77 
I3e. d; = 5.024 em A = 237.4 cm? Ser. IL (d, = 9.87 cm 
isiC, 485A 26.6 25 1.423 9.391 0.1891 13.60 74.50.4543,134 5.00 0.2030 13.80 70.40.390'3,649 5.22 
iZ6C. 487.4 19.7 25 1.423 28,140 | 0.1904 | 27.8 |151.3'0.454/3,134) 3.39, 0.2037 | 27.40,139.4/0.390/3 649 3.44 
iRa(’ 489A 172.8 25 1.423 61,010 0.1918 | 55.6 300.3.0.454 3,134 3.11) 0.2044 | 55.6 281.90.3903,649 3.21 
WC. 491A 246.8 25 1.423 87,130 | 0.1930 | 73.3 393.8 0.454.3,134 2.84 0.2050 75.0 379.10.390:3,649) 3.03 
yA | BA 332.8 25 1.423 | 117,500 | 0.1969 | 90.4 475.9'0.454:3,134 2.55) 0.2024 | 87.0 445.410.3903 ,649 2.64 
MC, 495A 126.2 25.7 1.405 ) 152,400) 0.1963 109.0 575.60.4613,048 2.37 0.2024 113.0 578.60.3963,548 2.63 
Vad , key . 
R Jp = oc)°- 
“u ? 
} (em) is then given by: Hence for a given applied C.D., c; may be cal- 
culated by: 
5 wi 70.70 0.30 0.344 0.356 l , 
0.0791 V°79d;o-** y-° 44 D-o-* C= &— 5 (X IIb) 
nFD 
0.30 0.344 0 . 35¢ 4 a : . . . 
12.64 X d; v D (XT 5 is obtained for a given geometry, speed and physi- 
dasa cal properties of the electrolyte by equation (XI). 
Previous studies relating to mass transfer at 
0.40 0.344 0.356 z : : . 
~ 99 62 ‘ v D rotating electrodes were limited in scope and can 
- be compared to the present work only in respect to 
oe ee 5 2 ' functions pendence on rotational speed. Roal 
rheve D == diffusion cocfiicient. cas’/ecc: and & = functional dependenc n rotational speed. Roald 


rotational speed, rpm. 

Thus, 6 depends not only on rotational speed, 
but also on rotor diameter as well as on viscosity 
and diffusivity. The latter three variables were not 
considered by Brunner (14). 

Assuming 6 independent of rate (i.e., of the cur- 
density), as was suggested by Agar (6), one 
rite: 


I D 


— (Xia 
¥F ; Ila) 


(c, — Ci) 


footnote (15), p. 315. 


and Beck (18) found for rotating magnesium elec- 
trodes: 


(XIIT) 


k, = const V°" 


This is in agreement with results of the present 
study since equation (XIII) can be shown to follow 
from equation (IX) for a given system (constant v 
and Sc) and given rotor diameter. Brunner (14) 
used rather impractical geometries and _ poorly 
defined experimental conditions; his results may be 
expressed in the form: 


ky 


const (rpm)° , 


(XIV) 
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Fic. 9. Mass transfer correlation for inner 


cylinder. Comparison of five systems studies with friction 
coefficients f/2 






For a given rotor diameter and given set of physical 
properties of the system, this relation is in approxi- 
mate agreement with results of the present study. 

A linear dependence of dissolution rates, or limit- 
ing currents on velocity of rotation as proposed by 
King and Shack (22, 23) is not substantiated by the 
present study. 


Limiting Currents and Concentration Polarization 


The nature of polarization of a redox electrode.—¥or 
AE, of a redox electrode Petrocelli (40) obtained a 


general equation” which in a somewhat modified 
form may be written as: 
RT 

AE; = | 

aon ae 

i I, (XV) 
iL = T7ee' i, 
l -++- / 2 , nF 
(J, + I) exp (ak =F) 


where a = a constant between 0 and 1 (usually 
close to 0.5) representing the portion of the elec- 
trical potential the activation 
energy barrier, which acts in the cathodic direction ; 
,, = 


difference across 
exchange current density, representing the 


rate of forward (cathodic) and also backward 
(anodic) reaction at the reversible, or open circuit 
potential. 


the 


Using concepts of absolute reaction rate 
theory (44) it is possible to show (40) that 
nF kT oR —_ 
- C,*¢ oF RT (X\ 1) 


N h 


where AF* = standard free energy change of the 
activation process (at open circuit), ergs/mole; N = 
Avogadro number, 6.023 X 10”, molecules/mole: 
h = Planck constant, 6.624 X 10°, erg-sec/mole- 


' Analogous relations have recently been obtained by 
a number of investigators (42, 43). 


rotating 
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Fia. 10. General correlation for mass transfer 
cylinders. 


cule; k 
erg 


Thus, at constant 7’, 7, depends only on AF* and 





= Boltzmann 
‘K-molecule. 








constant, 


lf 195 / 
t 











1.3805 x 10 


c,, Of reacting ions. For a given electrode reactioy 


the activation energy can be assumed to be constant 
provided electrode poisons are absent 


(29, 42 


Under such conditions 7, depends only on ¢ 


In equation (XV) the first term in the bracket 
represents the contribution of concentration polari- 


zation, and the second represents chemical polariza 


tion. Re 


‘lative 


magnitude 


depends primarily on /,/i, . 


For a given electrode system /, increases with the 
0.70 power of the rotational velocity, according to 


equation 


Hence at high rotational speeds, i.e., large values oi 
I,/t, chemical polarization should become signifi- 


cant 
tion. It 
ascertain 


namic 


(X); 


is obvious, 
experimentally 


fies 


however, 


i.e., takes 


of this 


therefore, 


remains 


that 


whether a 
trolytic redox reaction comes close to thermody- 
reversibility, 


second 


place 


unaffected 


in comparison with concentration polariza 


in order t 


given ele 


with 


comparatively small chemical polarization, AF, vs 
I curves must be obtained at high rotational speeds 
From such curves (see, for example, Fig. 5 and 6 


: ‘ . ] 
plots of AF, against log 


TABLE II 


4 


‘ 


l/l 


“can be prepared 


Coordinates of the general mass transfer 


correlation curve for rotating cylinders 


Ra 


200 
500 
1,000 
4,000 
10,000 
30 ,000 
60 ,000 
100 ,000 
200 ,000 
300 , 000 


(see Fig 10) 


ip x 108 
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des: ibed previously. A comparison of equations TABLE III. Concentration and chemical polarizations at 
as ' - 
iV) and (XV) shows that if chemical polarization various rotational speeds and current densities 


[Sample data}'* 
Solution No. 13, Series II 
Initial composition: (0.04996 m/l K;Fe(CN), 


is neg gible, 1.€., AE, > AE sone ; experimental 
points in such plots should fall close to a straight 


line with a slope of 59.1 (at 25°C, expressing polari- (0.05052 m/l K,Fe(CN), 
jation in mv). This type of plot is very convenient, (1.923 m/l NaOH 

m . . . . . . 4 bh as Or og 

s the distance of a given point from the straight Pr = 25.0% : 

<0 | hat. icine: | tien. tation. of Rotor diameter (d;) = 5.024 em 

ine With slope 59.1 gives directly the value o Gitar actin Genithin t) > 688 enn 
chemical polarization and demonstrates its im- 

: . ° , 7 “we : er ee Anodic oxidation of 
portance relative to concentration polarization (see Cathodic reduction of Fe(CN)-% Fe(CN)-$ 
for instance in Fig. 13). “aA , oe a 

5 . . . . No. q 2 . echem - -chem 
Table III” gives typical results for a given con- ah tees aEr = ART |AB*ome SEr | = AE 7 
; . . r (cal , (meas -_ cak (meas 
: centration, inner and outer diameter. Values of —— | on AE cone | mm mv | AE cone 
Vv mv 


AE cone ANd AE chem Were calculated according to 


- : : 1208 rpm; V = 318 cm/sec; IT. = 22.00 ma/em:?; 
equations (IV) and (V). Data for three experimental I b/ Om 


; Me - : IT, = 21.00 ma/em? 
series were plotted in Fig. 11. Solutions used were 


_ > : . ° 2. 9 a ~ a fn > ) , 
only 0.05M and 0.01M in ferri- or ferrocyanide, 15a P : .; “F . ~ aa : . 
: S ' mays aie —9.6 —9, 5 9.7 8. —1.6 
, hence, according to equations (XV) and (XVI) some 6 a saliusiia4a| —24 
chemical polarization may be expected, However, as 8 -199| —17.2 97/93) 17.2 3 | 
‘ig. 11 shows, even up to peripheral velocities of 10 —25.6  —21.6 4.0 | 26.3 21.6 1.7 
ig 
157.3 em/sec, AE, consists almost entirely, within 12 —31.9 | —26.7 5.2 | 33.0 27.8 5.2 
, . . 14 —39. —3 5.0 | 40.8 36.3 5 
imits of experimental accuracy, of concentration . +1 ‘ : = 4.9 
dient 16 —47.9 | —43.0 19 50.9 50.0 —0.9 
] . ‘ - - - ~ 
polarization, 18 9.8 — 56.7 3.1 | 65.5 | 67.2 3 
The predominant importance of the stirring rate 18.5 | —63.6 | —61.6 20 70.5 72.8 23 
| 
as represented by V is interestingly demonstrated in can F w Sbckdeend-~. 8 CAhaaden 
Fig. 13 for a solution of a relatively high concentra- I. = 8.10 ma/em? 
tion {number 9, approximately 0.20N of Fe(CN)¢° sb | 1 _63| -6.4|-01! 63! 64! 01 
: ar .—~4 . , : = ‘ we : De 
and Fe(CN)¢'|. For runs up to a velocity of 115 2 | —12.8| —13.0| -—0.2| 12.9|13.0| 0.1 
m/sec, data fall close to the straight line with a 3 —19.7 | —20.3 | —0.6 19.8 20.3 0.5 
a : ; —~97 & | —9R ¢ = VW 7\¢ 9 
slope 59.1, the value for the so-called reversible , wid oe 28.9 1.40 27.7 | 28.9 1.2 
, . , : 5 -36.5 —39.7  —3.2 36.9 39.7 2.8 
electrode. At higher speeds, i.e., when the ratio ‘ 1/1 —-83.9| —-5 8/488 | 539 5 | 
[,/t, increases, chemical polarization becomes rela- 
ee . ’ . uae 102 rpm: V = 26.8 cm/sec: I. = 3.96 ma/em?: 
tively significant. For instance at V = 333 cm/sec, ; pga 7 iy ee 
when the concentration polarization is 59.1 mv, the 
. . a : ; 15ec | 0.3 4.0 $.0 0.0 1.0 +.0 0.0 
corresponding chemical polarization has already Ma ¥ 
ms 0.6 8.0 7.9 0.1) 8.0| 7.9 0.1 
reached 19.4 mv (Fig. 13). Hence, in case of a reac- 09 | -12.1| ~12.1 0.0. 12.2 1214 01 
' — ; é 2. 2 3.3) 
tion where /,/%, is not very small, it is possible to 1.2 ~16.3 16.7 0.4 16.6 16.7 0.1 
increase this ratio by increasing J, with stirring 1.5 | -20.8) —20.9) —0.1 | 21.1 20.9 —0.2 
a i heii 1.8 -25.5 | —26.0 | —0.5 | 26.1 | 26.0 0.1 
rotational speed). In this way a reaction in which 2 | 3 7 31.9 05 316 31.2 0.4 
a. —< ‘ P< - o ‘ ) > é 
polarization is predominantly controlled by mass 24 | ~366) —37.1 0.5 37.9 37.1 0.8 
transfer (i.e., concentration polarization) may be 2.7 | —43.3 14.2 0.9 45.2 | 44.2 | -1.0 
° ° . . ‘ = 4 9 _9 ~- ~ - 
converted to one which is under activation control, 3.0 ol.4 O42 8 4.9 OF.2 0.3 
: ; aie 3.3 —62.1 68.0 —5.9 67.7 68.0 0.3 
involving large chemical polarization. 3 396 | 64.8 710|-621/713'710| -02 
‘ ‘ — .f —— , = - ‘ ‘ 
\s shown previously, 7 depends greatly on the 
. . . 25 rpm; V = 6.58 cm/sec; 7. = 1.81 ma/em?: 
activation energy necessary for the reaction to ‘= : 
:% : : : I, = 1.74 ma/em? 
proceed. The latter has been found by many in- : 
: . . . 5 0.2 —5.8 —6.2 ~() 5.8 6.2 0 
vestigators to increase in the presence of electrolytic 1éa cig , ' ‘ : 
= , nd 0.4 | -11.7 | —12.1 | —0.4/ 11.8| 12.1! 0.3 
oisons (29, 42). Thus, according to equation (XVI), 06 178!) -18.5| 07/1781 188 07 
J 0.8 —24.7 25.3 -0.6 | 25.2 | 25.3 0.1 
\n extended version of these tables has been de 1.0 _39 3 | ~33.0| —0.7 | 33.3. 33.0 03 
pos | as Document 4212 with the ADI Auxiliary Pub- 1.2 41.4 —42 6 — os 13.1 12.6 0.5 
rT ns Project, Photoduplication Service, Library of 14 —53.3 | —55.2| —1.9 | 56.7 | 57.0 03 
( ess, Washington 5, D. C. A copy may be secured by 15 61.2 -64.7 | —3.5 | 66.3. 68.7 24 
cit the Document number and by remitting $1.25 for 
pl rints, or $1.25 for 35-mm microfilm. Advance pay- : ™ +> f/f, : : 
: ra $ ~ pay * AER wae(mv) = 59.1 log pper sign tor ca- 
m is required. Make checks or money orders payable 1 + I/I, 


ief, Photoduplication Service, Library of Congress. thodie case, lower for anodic.) 
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i, may be expected to decrease significantly under 
such conditions. In a special study on effects of 
better known electrode poisons, Gerischer (42) 




















found that at platinum electrodes treated with a 
2 <X 10 °M HSS solution for 1 min and 60 min, 
respectively, 7, for the Fe™’/Fe™* couple dropped to 


10.8% and 1.7% of the original (active state) value, 



































respectively. The highly alkaline solutions used in 
the present studies, when exposed to air, could dis- 
solve an amount of H.S sufficient to decrease 7, and 




















consequently increase chemical polarization. Ef- 














fects of other electrode poisons should, of course, be 
taken into account also. For instance, HCN formed 
through photochemical decomposition of  ferro- 


























cyanide may exercise a powerful effect. Several in- 








vestigators (45, 28) have also concluded that even 








electrodes made of “noble”? metals such as gold, 














silver, and nickel become gradually covered with 
oxide films (when used in air-saturated solutions) 











causing a large increase in polarization. 
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Fra. 12. Total polarization AE, vs. log Q in case of ‘‘in- 










































active electrodes’’ and presence of air-oxygen. 
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Fic. 11. Total polarization AE? vs. log Q 





In a special study designed to demonstrate the 
effect of electrode poisons, AE, — J data were ob- 


tained for an alkaline ferro- ferricyanide solution 
which was exposed to air and light for several! days 
Nickel electrodes used in this study were cleaned in 
the same manner as described previously, but wer 
not given any cathodic hydrogen discharge treat- 
ment. Fig. 12 shows the results for solution No. | 
in the form of AE, vs. log Q plot. Large chemica! 
polarizations (demonstrated by deviations from th 
AE .one line) were obtained in spite of relatively low 
rotational speeds (up to 56.6 cm/sec). Values of 
AE wns = —59.1 mv and AEgem = —47.9 m 
(hence AE, = —107 mv) indicated in Fig. 12 
(cathodic case) are for an applied C.D. of 12.1 ma 
em’ and a peripheral speed of 24.6 cm/sec. It is 
interesting to compare these with a freshly pre- 
pared solution (number 9) at about the same C.D 
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Fic. 13. Total polarization AF, vs. log Q for high cur- 


rent density electrolysis. 
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and rotational speed.'” Thus at a J = 12 ma/em’ 
ond 1 20 cm/sec, a total cathodic polarization 
(AEs f only —43.5 mv was measured for solution 
umber 9.’ The corresponding concentration polari- 
ation was caleulated to be —47.1 my.” Hence no 
measurable chemical polarization was determined in 
this case, While at the same C.D. in the case of the 
poisoned electrode, AE nem represented about 45% 
of total electrode polarization. 

With regard to the ferro- ferricyanide couple the 
following conclusions may be drawn on the basis of 
the present study. 

A) Only freshly prepared and deaerated alkaline 
potassium ferri- and ferrocyanide solutions should 
be used with a maximum possible exclusion of light. 
The electrode (platinum or nickel) should be given a 
athodie hydrogen treatment prior to each experi- 
ment 

B) With the above precaution a reasonably 
small AFonem 18 associated with the electrolytic 
redox reaction. The amount of AZ... involved 
depends on the magnitude of the /,/7, ratio, i.e., on 
the rate of stirring (on which J, depends). For rotat- 

g electrodes up to a peripheral velocity of 115 
m sec, the electrode reaction is predominantly 
mass transfer controlled and the chemical polariza- 
tion is negligibly small. The above peripheral 
elocity corresponds to a Reynolds number of 
11,000. It should be reasonable to assume that in 
many other types of flow up to Ry = 11,000 a 
negligible AE chem 


ferrocyanide couple. 


may be expected for the ferri- 


() Under conditions (see above) at which the 
total electrode polarization is almost entirely repre- 
sented by concentration polarization, the general 
mass transfer correlation for rotating cylinders 
equation VII) can be used to predict é, } ye or aie 
ind AF sone (see equations X, XI, and IV). Con- 
ersely, from a given measured polarization, c; of 
the reacting ion may be calculated at an applied 
urrent density. 

To illustrate the latter point, calculations of 6 


~- 


l., [., and AE.o,- have been carried out below for : 


— 


rotating electrode in an alkaline potassium ferro- 
lerricyanide solution. To facilitate comparison with 


lhe difference in concentrations of the reacting ions 
etween solutions number | and 9 (a factor of 2) does not 
significantly affeet this comparison, primarily because the 
tio | is independent of the bulk concentration of the 

ting ion 

see footnote (15). 

\ctually the absolute value of AEr cannot be smaller 
hat of AE..n-. Whenever this seems to be the case, 
t be attributed not only to experimental inaccura- 
ut also to the possibility that achievement of a 
state polarization of the electrode was not quite 
te. Fortunately in no case were these deviations 


vel erous. 
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experimental measurements the physical data for 
one of the systems studied were used. 

Illustrative example. Assumed solution: (Equiv- 
alent to solution No. 9) 0.1976M K;Fe(CN )¢. 
0.2027M KyFe(CN)., 2.004M NaOH. 

Data: dj; = 1.273 em; S = 300 rpm; V = 
S 300 
T d, = 
60 60 
Ra = 1,789; temperature, 25°C; » = 1.423 x 
10° em*/sec; Drei = 0.454 X 10° em?/sec: 
Dicrro = 0.390 X 10° em*/sec; Cherri = 0.1976 X 

10 “ moles/cee¢; Cferro = 0.2027 K 10°” moles/ce. 

Diffusion Layer Thickness, 6: From equation 


(XI): 


xX 3.1416 &K 1.273 = 20.0 cm/sec: 


6 - -_ 12.64 d° 30 V 0.70 . 344 pD° 356 
Hence for the cathodic case: 
Sterri = 12.64 (1.278)"” (20.0) 


(1.423 « 10°°)” 
= 4840 kK 10 ° em 


“ (0.454 x 10°°)"'* 
Sterro = 12.64 (1.273)°* (20.0) 

(1.423 « 10°*)°** (0.390 « 107°)°** 
= 4.585 < 10 ~ cm 


Limiting Current Densities: Cathodic limiting 
C.D., 


nFD 


0 


1 X 96,500 K (0.453 & 10 °) 
£S40 XK 10 


17.89 «K 10 


Cferri 


X (0.1976 K 10°“) 


amp/em* 17.89 ma/em* 
as compared to experimentally determined 
I, = 16.6 ma/em” 
Deviation = 7.6% 
Anodic limiting C.D., 
nFD r 


Oferro 


1 & 96500 &* (0.390 K 10 
L585 & 10 
16.64 K 10 


X (0.2027 K 10 “) 
‘amp/em> 16.64 ma/em> 


as compared to experimentally determined 


I, = 164 ma/em* 
Deviation = 1.5% 


Concentration Polarization at Applied C.D. of 
10 ma/em’: 
59.1 =. meILS 
l+l//l. 
| — 10/17.89 
| + 10/16.64 


= —33.1 my 


‘at hodic AE. ons 


an 


= 59.1 log 
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as compared to the experimentally measured total 
cathodic polarization 


AE, = —33.0 mv 


Anodic AB cen j 


59.1 log Mi ! f 


+ 10/17.89 


= 59.1 log 
me 8 T — 10/1664 


= +34.9 mv 


as compared to the experimentally measured total 
anodic polarization 


AE, = 32.8 mv 


Hence chemical polarization is negligible for these 
cathodic and anodic runs, and prediction of AF, is 
possible. It should be noted that the general mass 
transfer correlation enables prediction of limiting 
currents and concentration polarization even when 
chemical polarization is large; however, then the 
total electrode polarization could not be calculated. 

The ferro-ferricyanide couple can thus be used 
conveniently to study mass transfer in liquids for 
various types of geometries and hydrodynamic 
conditions. The advantages of using an electrolytic 
redox reaction over solid dissolution for purposes of 
studying rates of mass transfer are: (a) achievement 
of steady state in a relatively short time; (b) direct 
control of rates, i.e., applied current (This is not 
possible in case of solids.); (c) preservation of 
smooth interfacial surface throughout the experi- 
ment; (d) higher 


and convenience in 


determination of rates of mass transfer. 


accuracy 


The present study has proved that, when properly 
carried out, the ferro-ferricyanide electrode reac- 
tions may be considered to remain predominantly 
under mass transfer control up to stirring rates cor- 
11,000. chemical 
polarization is essentially present whenever finite 


responding to Ra c= However, 
currents are passed, and becomes significant at high 
The and 


(30) could claim that electrolytic reactions of the 


stirring rates. reason Essin coworkers 
ferri-ferrocyanide couple involve only concentration 
polarization is that their experiments were carried 
out at low stirring rates. 

Under proper when 


experimental conditions, 


concentration for, the 
ferri-ferrocyanide couple is not far from thermody- 
namic equilibrium, i.e., AF* is not very large. For 
the electrochemical reaction which takes place at 
the electrode interface itself, Lewartowiez (43) dis- 
cussed two rate-determining steps. One step involves 


polarization is accounted 


electron transfer at the interface of the electrode, 


the other the change in hydration of the ion under- 
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- 
€ 195; 


going recharge. For the ferri-ferrocyanid 


‘Ouple 
this may be expressed as: 
Fe(CN)s°(H.O), + & 

— Fe(CN )¢ ‘(H.0),, of (m n HQ 


Numerous investigators (46-48) have found 
ion is more hydrated the larger its charge 
smaller its radius. Hence, activation energy 


hat an 
nd the 
of the 
total process is composed of energy necessary fo; 
electron passage between ion and electrode and oj 
hydration energy. The latter depends only on the 
state of hydration of oxidized and reduced ions, by; 
the former is probably the one which is affected }y 
presence of electrolytic poisons adsorbed at the 
electrode surface. Lewartowicz’s experiments (43 
on Fe**/Fe**, Ce**/Ce™ and quinone /hydro- 
quinone couples have shown a small chemical po- 
larization to be involved in each case. His results 
support in a general sense the above discussed 
mechanism of the electrolytic redox reaction 

It seems reasonable that electrode reactions in- 
volving only electron transfer and change in degree 
of ion hydration would involve small activation 
energies, compared to reactions involving breaking 
or formation of chemical bonds. 


ACKNOWLEDGMENT 
The authors wish to acknowledge the support oi 
the Office of Naval Research. Appreciation is due to 
Mr. Lawrence Wolf and Mr. James Worley for 
assistance with experimental measurements. 


Any discussion of this paper will appear in a Discussior 
Section to be published in the December 1954 issue of th 
JOURNAL. 

REFERENCES 
1. M. E1rsenpera, “Studies on the Role of lonie Diffusio: 
and Mass Electrode 


Transfer in Processes,” M.S 


Thesis, University of California, Berkeley (1951 
2. C. W. Tostas, M. Eisensera, anv C. R. Wirke, This 
Journal, 99, 359C (1952 
3. C. WaGner, thid., 95, 161 (1949). 
4. C. R. Witke, M. E1senspera, anv C. W. Tostas, ibid 


100, 513 (1953) 


5. B. Levicu, Acta Physicochim. U.R.S.S., 17, 257 (1942 


6. J. N. Acar, Disc. Faraday Soc., 1, 26 (1947) 

7. C. 8S. Lin, E. B. Denton, N. 8S. GASKILL, AND G. | 
Putnam, Ind. Eng. Chem., 45, 2136 (1951). 

8. C. S. Lin, R. W. Mouton, ano G. L. Putnam, I? 
Eng. Chem., 45, 636 (1953 

9. G. L. Tayuor, Phil. Trans. Roy. Soc. London, 223, 28° 


(1923 ° Proc. Roy Soc 
10. Suin-I Par, NACA Tech 


London, A161, 494 
Note 892 (1943) 


1935 


11. T. THkoporsen ano A. Reaier, NACA Report 7% 
(1945). 
12. I. M. Kournorr anv J. J. Lincane, “Polarography, 


2nd ed., Interscience 
(1952). 


Tsukamoto, T 


Publishing Co., 
13. T KAMBARA, AND I. Tacnui, J 
Assoc Japan, 18, 386 (1950) 


trochem 


New \ ork 








































No. 6 
1 | NNER, Z. physik. Chem., 47, 56 (1904). 
= W RNsT AND KE. S. Merriam, Z. physik. Chem., 68, 
9 1905). 


1c. ¥ 


) J. V. Perroceuui 


\. Lucken, Z. Elektrochem., 38, 341 (1932). 

T \MBARA AND T. Tsukamoto, J. Electrochem. 
\csoe. Japan, 18, 356 (1950). 

B. RoaLp AND W. Beck, This Journal, 98, 277 (1951). 

H. SALZBERG AND C. V. KING, ibid., 97, 290 (1950). 

C.V. Kine ann F. 8S. Lana, ibid., 99, 295 (1952). 


C. V. Kine AND N. Mayer, ibid., 100, 473 (1953). 

R. GuicKsMAN, H. Mouquin, anv C. V. Kina, tbid., 
100, 580 (1953). 

Cc. V. Kina ano M. Snack, J. Am. Chem. Soc., 87, 


1212 (1935). 

King AND W. H. Carucart, ibid., 59, 63 (1937). 

Cc. V. Kine anp P. L. Howarp, Ind. Eng. Chem., 29, 
75 (1937). 

(, FREDENHAGEN, Z. anorg. Chem., 29, 396 (1902). 

G. Just, Z. physik. Chem., 68, 513 (1908). 

G. Gruse, Z. Elektrochem., 18, 189 (1912); 20, 334 
1914 

W. L. H. Moun, Z. physik. Chem., A176, 353 (1936). 

Q. Essin, S. DERENDIAYER, AND N. Lapyain, J. Appl. 
Chem. (U. R. 8S. 8S.), 18, 971 (1940). 

W. R. CarmMopy Aanp J 
Soc., 88, 241 (1943). 

aND A. A. Paoxtucci, This Journal, 


98, 291 (1951). 


J. Rowan, Trans. Electrochem. 


IONIC MASS TRANSFER 
33. 
34. 
35. 


36. 


. kK. Lewartowicz, J. 


. H. Eyrina, 8S. 


5. M. Le Buanc, Abhandl. Bunsen Ges., No 
. H. BRINTZINGER 


319 


J. Maruscuek, Chem. Ztg., 25, 601 (1901). 

S. Imorti, Z. anorg. u. allgem. Chem., 167, 145 (1927). 

I. M. Kouruorr anv E. A. Pearson, Ind. Eng. Chem., 
Anal. Ed., 3, 381 (1931). 

I. M. Kouruorr anp N. H. 
Analysis,”’ Vol. II, p. 
York (1929). 


FURMAN, ‘Volumetric 
427, J. Wiley and Sons, New 


. F. Surron, ‘Volumetric Analysis,’’ 12th ed., p. 235, 
Blakiston and Co., Philadelphia (1935). 
J. S. ANDERSON AND K. Sappinaton, J. Chem. Soc.., 
1949, S381. 
. M. Etsenspera, C. W. Tospias, ann C. R. WILKE, 


Technical Report No. 2, Nonr 222 (06). To be pub- 
lished in Chem. Eng. Progr. in 1954. 


. J. V. Perrocetu, This Journal, 98, 187 (1951). 
. T. H. Cutittron anp A. P. Co_surn, Ind. Eng. Chem.. 


26, 1183 (1934). 


. H. Geriscuer, Z. Elektrochem., 54, 362 (1950): 55, 98 


(1951). 

chim. phys., 49, 557, 564, 573 
(1952). 

GLASSTONE, AND K. J. Latpier, J. 
Chem. Phys., T, 1053 (1939). 

3 (1910). 
AND CH. RaATANARAT, Z. 


allgem. Chem., 222, 113 (1935). 


anord. wu. 


. H. Sacusse, Z. Elektrochem., 40, 531 (1934). 
. G. Surra, J. chim. phys., 43, 189 


1946). 
























































































































































































































































































































NOMENCLATURE 


Definition 


Concentration of reacting 
ions in the bulk of the 
solution 

Concentration of reacting 
ions at the electrode in- 
terface 

Bulk concentration of fer 
ricyanide ions 

Bulk concentration of fer 
rocyanide ions 

Diameter of the inner ro- 
tating electrode 

Diffusion coefficient of 
species k 

Total polarization 

Concentration polarization 

Chemical polarization 

Friction factor 

Faraday equivalent 

Standard free energy 
change of activation 

Planck constant 


Height of cell 

Total current 

Exchange current density 
Current density 

Anodic 


densitv 


limiting current 

Cathodic limiting current 
density 

Limiting current current 
density, generally 

Modified Chilton-Colburn 
j-number 

Boltzmann 
1.3805 & 10°° 

Mass transfer coefficient at 


constant, 


the anode 

Mass transfer coefficient at 
the cathode 

Mass transfer coefficient, 
generally 

Number of electrons ex- 
changed in electrode re- 


action 


Units 


mole/ce 


mole/ce 


mole/ce 
mole/ce 
em 
em?/see 
mv 
mv 
mv 


dimension 


less 


96 500 cou 
lomb/equiv 


ergs/mole 


6.624 X 107-7? 


erg-sec 
molecule 
em 
amp 
amp/em? 
ma/em? 


ma/cem? 
ma/em? 
amp/em? 
dimension 
less 
erg/°K 
molecule 
cm/sec 


cm/sec 


cm/sec 


ZCP 


Q 


Ry 


, Re 
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Symbol 


Definition 





Rate of mass transfer 
Radius of rotated inner 
electrode 
Internal radius of outer 
electrode 
Resistance 


Universal gas constant 


Transference number of 
the reacting ion 

Temperature 

Peripheral velocity at the 
rotating cylinder 

Zero current potential 

(static potential differ 

ence between an inves 

tigated electrode and the 

reference cell) 


Gre ¢ k s yumbols 


Fractions of electrical po- 
tential difference across 
the activation energy 

barrier acting in the 
cathodic and anodic di 
rection respectively 

Thickness of diffusion layer 

Electrical conductivity of 
a solution 

Dynamic viscosity 

Kinematic viscosity 

Density 


Dimensionless groups 


Ratio used in AE gone caleu 
lations (upper sign for 
cathodic case, lower for 
anodic) 

Reynolds number based on 
diameter of rotating in- 
ner cylinder 

Schmidt number for mass 
transfer of species k 





NOMENCLATURE—Continued 


mole /e 


2 
st 


em 


em 


ohm 
8.313 * 


mv 


em 


ohm™ em 


g/cm-sec 
cm?/sec 


g/cm 














Electrochemical Polarization of Titanium in Aqueous 
Solutions of Sodium Chloride’ 


NORMAN HACKERMAN AND Copy D. HA tt, Jr.’ 


Department of Chemistry, The University of Texas, Austin, Texas 


() ABSTRACT 


Cathodic and anodic polarization curves for titanium in neutral NaCl solutions were 
determined over the range 0.02 wa/cm? to 0.01 amp/em?. These were derived from steady 
state values of time-potential curves measured by the direct method using a thermionic 
amplifier to limit current in the potential measuring circuit to 10~" amp. 

On open circuit the potential increased from —0.25 volt (saturated calomel scale) to 
about +0.2 volt. As little as 0.1 wa/em? cathodic considerably decreased rate and extent 
of change, while anodic treatment of the same intensity increased these effects. At 1 
ma/em? hydrogen overvoltage was 0.84 volt and oxygen overvoltage was 0.96 volt. Tafel 
slopes were 0.15 and 0.14, respectively. In aerated solution the effect of salt concentra- 
tion between 0.5 and 2M was almost wholly that caused by change in oxygen solubility. 
(a) E 


linearly with time at a rate proportional to current density; (b) # is constant with time, 


The anodic time-potential curves can be divided into three parts: increases 


and oxygen is evolved continuously; (c) E increases rapidly to about 4-10 volts afver 
some hours for current densities in excess of 1 ma/cm?; a visible surface film forms and 
a few deep pits appear, but there is no oxygen evolution. Results are considered on the 
basis of oxide formation and of chemisorbed oxygen atoms. 


INTRODUCTION 


Titanium is being studied here as part of a general 
nvestigation into characteristics of passive metals. 
lhis metal does not fit fully either the category typi- 
fied by aluminum or by chromium. A careful study 
of its properties as a working electrode was indicated 
and resulted in the work reported here as well as in 
an analysis of the anodic charging process (1). 

\lthough considerable work has been done on 
polarization of some of the newly available uncom- 
mon metals, much of it appears in reports and rela- 


] 
lively 


little in the open literature.’ 


EXPERIMENTAL MetTHOopD 


Polarization measurements were made by the 
direct method. Apparatus used provided for con- 
current measurements in six polarization cells, which 
were contained in a thermostat bath held at 30°C. 

Polarization cells—Kach cell consisted of an open- 
top glass jar 16 x 21 cm, 


liters NaCl solution, and 


32 cm deep, containing 5.0 
an electrode assembly con- 
sisting of the metal, an input electrode, and a saturated 
calomel electrode. The 2.52 cm diameter titanium 
Manuscript received March 20, 1953. This paper was 
prepared for delivery before the Philadelphia Meeting, May 
to 8, 1952. 


resent address: Dowell, Incorporated, Tulsa, Okla- 
hon 

or example, in a series of progress reports to the U.S. 
\tomie Energy Commission by D. 8. McKinney and J. C 
W: r of Carnegie Institute of Technology. 


coupon was cast in a plastic wafer, polished by hand 
on 2 to 2/0 metallographic emery paper, rubber with 
filter paper moistened with 95% ethyl alcohol, and 
wiped carefully with clean, dry lens tissue. The wafer 
was inserted into a machined plastic holded provided 
with an electrical connection to the back of the 
coupon. The holder was sealed water-tight by appli- 
cation of melted ceresin wax. The platinum auxiliary 
electrode, consisting of 6 turns of platinum wire 
around a 6-mm glass tube, was located 7 em in front 
of the center of the face of the coupon. The calomel 
half-cell vessel was a 2-cm glass tube with a bent side 
arm drawn out to a capillary tip and filled with 2% 
agar-saturated KCl gel. The three electrodes were 
mounted on a plastic support. The calomel electrode 
vessel could be rotated to vary the distance of the 
capillary tip from the face of the coupon. The elec- 
trode support was itself supported by a brass rod 
passing through a bracket which was clamped to the 
horizontal beam of a modified circular path appara- 
tus (2). This rotated electrode assemblies in a circle 
2.54 cm in diameter, in the plane of the coupon face 
at 26.5 rpm, and gave the coupons a linear velocity 
of 3.5 cm/sec. 
Electrical circuits —Six polarization cells were con- 
nected in parallel to a 4-12-volt battery source for 
xathodic measurements, or 4-50 volts for anodic 
measurements. Current for each cell was controlled 
by a series resistance made up of combinations of 
16-watt composition type resistors, some being pro- 
vided with shorting switches, and one or two variable 








322 JOURNAL OF THE ELECTROCHEMICAL SOCIETY J 











TT an ann ae Oe 0 ee Oe Oe Se ee Oe Ses Pe ae 
<a om 
b 14 e 
5 $$$ 
4 Oath a 
F « . 4 

















» 0 
, +] 
a *8 
8 
bad 
Vv 
o -10O- 
é is 
> o8- 4 
| 
é- | 
= — a o a 4 
—o ? 
= a ance a RIES IT LNT 
- i 
: 5 —s) | 
w-o2 4 
- | ie sees oon > ——— * a3 | 
ee ro, 
a 
oo} 60 AS 
- 2 P 
202 n | ees ne ik — 
° 25 $0 5 100 125 150 


Time mourns) 

Fic. 1. Time-potential curves for cathodic polarization 
of titanium in aerated 0.5M NaCl at 30°C. Curve-current 
density in amp/em?: 1—0).0; 2—2 & 107°; 3—6 X 1078; 4—1 
<x 10-*; 5—2 X 10-*; 6-4 X 10-*; 7—4 X 10-5; 8—2 X 10°; 
o—4 X 10-*; 10—1 X 10°*; 11—2 X 10-*; 12—6 X 10°*; 13 
2X 10-3; 14—4 X 10°*; 15—1 X 10°? 


2-watt resistors. Current was read by measuring JR 
drop across a calibrated wire-wound resistor in 
series with the cell, and was held constant within 
less than 1% of the nominal value. 

Potential of the titanium coupon with respect to 
the saturated calomel electrode was measured by an 
L & N thermionic amplifier and Type K-2 poten- 
tiometer. The former limited current drawn in the 
potential-measuring circuit to 10~-” amp or less, even 
when the potentiometer was not balanced, and thus 
prevented disturbance of the measured polarizing 
current during measurements at very low current 
densities. For measuring potentials in excess of the 
maximum range of the potentiometer, dry cells, cali- 
brated to +1 mv, were connected in series with the 
potentiometer. All potentials are given on the satu- 
rated calomel electrode scale. 

Materials —Coupons were cut from Remington 
titanium sheet, 1.6 mm thick. Spectrographic analy- 
sist showed over 99% titanium, with 0.725% car- 
bon, 0.25% iron, and 0.005% other elements. 

Surface areas were determined by krypton ad- 
sorption at 78°K, and from this the coupons as pre- 
pared were found to have a roughness factor of 
2.2 + 0.2.5 All current densities are given in terms of 
apparent or projected area. 

Solutions were made with analytical reagent grade 
NaCl and distilled water. They were unbuffered, 
and had a pH of 6-7. The NaCl contained 3 ppm 
iron, which was essentially completely precipitated 
during a run, giving about 1 mg of Fe(OH), in 5 
liters 0.5.M solution. The colloidal precipitate trav- 


‘ National Spectrographic Laboratories, Inc., Cleveland, 
Ohio 

‘Surface areas were also determined by polarization 
capacity measurements (3) and led to a roughness factor 
of 10 + 3. The gas adsorption area is considered to be more 
reliable at present 
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elled by electrophoresis to the anode, and | 


relore 
caused no interference on a cathodically }) \arizeg 
coupon. Solutions used in anodic runs wer made 
iron-free by dissolving NaCl in the minimum \olymp 


of water, aerating for 12 hr, filtering through fritteg 
glass, and diluting to desired concentration 
All anodic polarization measurements and mos 
cathodic measurements were made in solutions which 
were kept saturated with air by means of a fritted 
glass gas dispenser. A glass chimney prevented qj) 
bubbles from coming in direct contact with the 
electrodes. Some measurements of cathodic polariza 
tion were made in solutions designated as “‘air-free ’ 
For these runs, one of the jars was fitted with a flex. 
ible plastic film cover, sealed on with masking tape 
The solution was boiled, cooled under nitrogen, and 
forced into the polarization cell by nitrogen pres- 
sure. During the run, purified nitrogen (4) was 
bubbled through the solution. A porous alundum 
cup around the platinum anode prevented oxygen 
from getting into the main part of the solutio 
around the cathodic coupon. A more rigorous excl: 
sion of oxygen was not required in these measure- 
ments for reasons stated in the Discussion. 
Correction for IR drop in the solution.—In order 
to prevent errors due to blocking of part of the 
coupon surface by the tip of the reference electrode 
the capillary tip was kept 2.0 em from the face of 
the coupon. The potential at that point differs from 
that at the coupon surface only by the JR drop for 
the polarizing current passing through the 2 cm of 
solution. This JR drop was negligible except at high 
current densities, for which corrections were made 
Potentials were measured in 0.5. NaCl at several 
distances from 2.0 em to the surface, the latter meas- 
urement being taken immediately after touching 
the electrode tip to the surface. These points were 
found to lie on a smooth curve. The effective value 
of R was found by dividing the potential difference 
from 2.0 cm to the surface by the polarizing current 
This was used in calculating the correction for other 
current densities in 0.4M NaCl, and corresponding 
values of R for 0.1.M and 2.0M NaC! were calculated 
from ratios of specific resistances of solutions 


Cathodic Polarizations 

Typical time-potential curves at several current 
densities for cathodically polarized titanium are 
shown in Fig. 1. Points marked with the same sym- 
bol represent measurements on the same coupon 1! 
a continuous run. In describing the curves a potential 
becoming more positive, i.e., moving down, is said 
to be increasing. 

On open circuit and up to 0.06 wa/em? the initial 
potential is —0.25 volt and increases slowly ‘o 4 
constant value after a day or more (6 days at zero 
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wyrrent). Generally, at low cathodic current densities, 
‘he initial increase in potential is more rapid the 
ower (he current density. 

The most noticeable characteristic in the range 
|4ya cm? is the long time needed for constant po- 
‘ential more than 6 days. Initial potentials are 
more negative the higher the current density, and 
jecrease during the first few hours. Between 10 and 
4) wa cm’, after a comparatively rapid increase for 
veral hours, a slow increase takes place for as long 
as 10 days. 

In the range 0.1 to 0.16 ma/cm? potentials do not 
become sufficiently steady to plot, varying from 
average values at first by as much as +0.1 volt in 
ess than a minute and, at the end, by +0.03 volt. 
\verage initial and final values (48 hr) were as fol- 


OWS: 


ma/cm? volt volt 

0.1 —0.6 —0.6 
0.12 —0.5 —1.10 
0.14 —0.65 —1.15 
0.16 —1.06 —1.17 


Curves 8, 9, and 10 were obtained in a single run 
on the same coupon, as were curves 11-15. The 
ength of time for which the current was held at each 
value was arbitrary, being at least long enough for 
the potential to become constant. At these high 
current densities, the potential does not change 
greatly from its initial value and becomes constant 
ina short time. When current is increased to a new 
onstant value, the potential immediately decreases 
to a more negative value. Usually it then increases 
slightly but becomes essentially constant in a few 
hours. 

At 0.2 ma/cem? the rapid variation of potential 
has an amplitude of +0.02 volt. The amplitude of 
the swings decreases, at higher current densities, to 
ibout +0.001 volt at 10 ma/em*. 

Time-potential curves for 0.1 and 2.0. NaCl show 
the same general features as those of Fig. 1. At about 
the same current densities, curves for the three con- 
centrations show no greater dissimilarities than do 
curves of duplicate runs at the same concentration. 

fleet of NaCl concentration.—Cathodic polariza- 
lion curves for titanium in aerated 0.1, 0.5, and 2.0M 
NaC! solutions are shown in Fig. 2. Each solid point 
represents the constant potential finally attained by 
a coupon held at the same current density from the 
start of the run. Each open point represents a con- 
stant potential attained by a coupon at the desig- 
nated current density after previous polarization at 
one or more other current densities. 
ihe polarization curve for 0.5M@ NaCl was es- 

hed with especial care. Enough points were 
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Fic. 2. Cathodic polarization curves for titanium in 
aerated NaCl solutions at 30°C. (Solid points give potential 
at original current density and open points at altered cur- 


rent density.) A A—0.1M; @ O—).5V;@ 2.0M. 


determined to establish that curves for the three 
concentrations were essentially the same. They are 
drawn as identical except near 0.1 ma/cm?*. The 
open circuit potentials cannot be shown in Fig. 2 
because the current density scale is logarithmic. 
These potentials for 0.1, 0.5, and 2.0.M solutions are 
+0.18, +0.17, and +0.2 volt, respectively. 

At the three lowest current densities, the curve is 
drawn through weighted average values of the po- 
tentials for the three different concentrations. De- 
viations of individual points average less than 0.03 
volt. From 140 ywa/cm? the curve is drawn through 
the points for 0.5M solution. Reality of the wave 
drawn in the curve in this region is considered later. 

Near 0.1 ma/cm? a rapid decrease in potential 
occurs, but at a lower current density for more con- 
centrated solutions. At higher current densities, the 
logarithmic polarization curve is linear. The slope, 
corresponding to the constant b in the Tafel equa- 
tion, is 0.204 volt /log unit. 

Most points above 80 ya/cm? were measured on a 
coupon which was polarized successively to several 
different current densities. One coupon was polarized 
in 0.1.M NaCl for 157 hr at 0.12 ma/cm*, for 28 hr 
at 0.14 ma/cm?, and then for about 20 min each at 
decreasing current densities from 2—0.4 ma/cm?*. A 
coupon in 2.0.M solution was started at 0.2 ma/cm? 
which was increased successively through the other 
values to the maximum, 2 ma/cm*. It was returned 
to the initial current, where it then had the same 
potential as before. The remaining points were deter- 
mined at decreasing current densities. For 0.5.M solu- 
tion, points from 0.2 ma/cm*® upward were deter- 
mined in two runs. It may be noted that points at 
0.4 and 1 ma/cm?, which are from the same run, are 
slightly off the straight line, but would lie on a line 
parallel to it. The remaining points, all from the 
other run, fall very closely on the line. 

At 0.2 ma cm®*, hydrogen is evolved slowly on ti- 
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Fig. 3. Cathodic polarization curves for titanium in 
0.5M NaCl at 30°C. (Solid points give potential at original 
current density and open points at altered current density.) 
oo air-free solution; @ O—aerated solution. 





tanium. Visible bubbles do not form on the surface, 


but large bubbles gather on the wax coating around 
the edge of the coupon. At higher current densities 
small bubbles are evolved continuously from the 
_entire coupon surface. After long polarization at high 
current density, the titanium surface becomes dark- 
ened and very hard. 

Effect of oxygen concentration.—Cathodic polariza 
tion curves for titanium in aerated and in air-free 
0.5.M NaC! solutions are shown in Fig. 3. The curve 
for the aerated solution is that for 0.5.17 NaCl in 
Fig. 2. The other was determined in two separate 
runs, one from 2 to 60 wa/em? and the other from 
20 uwa/cm* on up. Agreement of the overlap data is 
very good. The slope of the linear portion is 0.154 
volt /log unit. 

The experimental arrangement in the air-free runs 
prevented observation of hydrogen evolution, but 
coupons were darkened and surfaces hardened just 


as in corresponding aerated runs. 


Anodic Polarization 


All anodic polarization measurements were made 
in aerated 0.5M NaCl solution. Time-potential 
curves were measured at constant current densities 
from 0.02 ya/em? to 6.0 ma/em*. Corresponding 
charging curves have been given previously (1). 
The curves show that potential increases linearly 
with time, at a rate proportional to current density, 
until a constant potential is reached at which oxygen 
is evolved. The charge required to reach the oxygen 
evolution potential is approximately the same for 
all current densities from 0.06 to 20 ya/cm?’, the 
average being 0.0145 coulomb/cm?. At current densi- 
ties above 1 ma/cm?, after several hours at the oxy- 
gen evolution potential, a second increase of poten- 
tial begins. Visible oxygen evolution eeases, and the 
potential rises at an increasing rate to about +10 
volts, where it becomes erratic but generally con- 
stant, and a visible oxide film develops. 
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Fic. 4. Anodic polarization curve for titanium in gerat, 
0.5M NaCl at 30°C. (Solid points give first constant pote; 
tial reached at original current density. Open points 


constant potential at altered current densit, 





The anodic polarization curve for titanium 


aerated 0.5M NaCl solution is shown in 


Each solid point represents the first constant poten 
tial reached by a coupon polarized at a constant 
current density. Each open point represents th 
constant potential attained by a coupon at the } 
dicated current density after previous polarizatio 
to a constant potential at a lower current density 
For the latter points, the time of polarization was not 
long enough for the second increase of potential | 


have begun when the reading was made. 


All experimental points touch the straight 
except for the solid points at the two highest current 
densities. Of these, the one at the less positive pote: 
tial represents the coupon mounted in the recessed 


holder. 


Below 0.6 wa /cm? the curve bends toward less pos 
tive potentials. Because of the logarithmic current 
density scale, the zero-current or open-circuit pote 
tial cannot be plotted. This value is +0.17 volt 

Polarization decay on open circuit and the charg 


ing process on repolarization are discussed elsewher 


(1). 


DISCUSSION 


Cathodic polarization—The usual cathodic rea 
tions in aqueous solutions containing no other re- 
ducible material are reduction of dissolved O 
OH-, possibly in steps involving H,OQs, and reduw 
tion of H* to H.. The former reaction occurs at a less 
negative potential, and therefore precedes hydroge! 
evolution as current density is increased. Results 1! 
dicate that a titanium cathode in neutral NaCl solu 
tion follows this expected behavior at current dens! 
ties above 0.1 ywa/em*. Below this the effects ar 
related to those produced by anodic polarizatio! 
the current density range 0.1 to 100 ya/em* the elec 
trode reaction apparently is reduction of O 
sharp break in the curves near 100 wa/em?* represe: 
the limiting diffusion current (i.e., current density 
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for oxygen under the particular conditions of the 
experiment. At higher current densities, and more 
negative potentials, hydrogen is evolved. 

In order to establish that the diffusion wave rep- 
resents the limiting diffusion current of oxygen, 
rather than that of some other substance, a portion 
of the polarization curve was measured in an air-free 
«lution. For this purpose it was not necessary to use 
elaborate measures for rigid exclusion of oxygen. 
it was sufficient to reduce oxygen concentration of 
the solution considerably below that of an air- 
saturated solution. Curves in Fig. 3 show that the 
imiting diffusion current, 74, was lowered from 100 
ya cm? in the aerated solution to 2 ua/cm? in the air- 
free solution. 

The only apparent effect of variation of NaCl con- 
centration is a small change in the limiting diffusion 
urrent of Os. Since the limiting diffusion current of 
, substance is proportional to its concentration, I, 
for Op should be proportional to the solubility of 
oxygen from air in various concentrations of salt 
solutions. The following table gives concentrations of 
0, under conditions of the experiment, calculated 
from data for oxygen solubility (5): 


NaCl cone 0.1 0.5 2.0M 

O, cone 2.23 1.93 1.18 X 10°‘M 

I, (obs 1.3 1.0 0.8 X 10°* amp/cm? 
I, (eale 1.15 1.00 0.61 X 10-* amp/cm? 


The values of Ja (cale) are proportional to the O, 
solubilities, taking the value for 0.5.4 NaCl as the 
standard. Agreement for 0.1.7 and 2.0M solutions 
s fairly good, considering that points for these con- 
centrations were determined by a somewhat dif- 
ferent procedure from those for 0.5. solution. 

From the ratio of diffusion currents in aerated and 
i air-free solutions, and the solubility of oxygen in 
0.5M NaCl, the concentration of oxygen in air-free 
solutions was 4 X 10-&M, corresponding to an oxygen 
partial pressure of 3 mm. 

\t current densities larger than the oxygen limit- 
ing diffusion current, the potential follows the Tafel 
equation for hydrogen overvoltage. In aerated solu- 
tions at all three concentrations of NaCl, the poten- 
tial is given by the equation 


E = —1.97 — 0.204 log J, (1) 
where J is current density in amp/cm*. In the air- 
iree solution, the equation is 

KE = —1.93 — 0.154 log J. (11) 

Q: 


ince hydrogen overvoltage depends on current 
actually involved in hydrogen evolution rather than 
on total current, the relation of J — J, to E for aer- 
ated solutions would better represent the hydrogen 
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overvoltage. A plot (not shown) of E vs. log (I — I4) 
is linear from 0.01—1 ma/cm? and lies parallel to the 
line for air-free solution, at potentials 0.11 volt more 
positive. With this correction, the slope for hydrogen 
overvoltage in aerated solution agrees with that in 
the air-free solution. The difference between this 
slope, 0.15, and the usual Tafel slope of 0.12 may 
be attributed to the presence of concentration po'ari- 
zation effects in the unbuffered NaCl solution. 

Hickling and Salt (6) state that for current densities 
greater than ten times J, the presence of dissolved 
oxygen has no effect on hydrogen overvoltage. In 
the present work, both the log J and the log (J — /,) 
curves for aerated solutions, which coincide above 
10 J 4, differ by about 0.1 volt from the curve for air- 
free solution. There is no apparent explanation for 
this lack of agreement. The air-free curve, however, 
probably is a good representation of hydrogen over- 
voltage on titanium. The reversible hydrogen poten- 
tial here is —0.63 volt and the hydrogen overvoltage 
on titanium thus is given by 


w = 1.30 + 0.154 log I. (111) 


At 1 ma/cm* the overvoltage is 0.84 volt, placing 
titanium with lead and mercury with respect to its 
very high overvoltage. 

After prolonged rapid evolution of hydrogen on ti- 
tanium, the surface of the metal was darkened and 
became very hard. Polishing by hand on No. 2 
emery paper removed the tarnish and left a bright 
surface, which in some instances contained numerous 
very small pits. However, it was necessary to use a 
motor-driven metallographic polishing wheel and 
fresh emery paper in order to remove the hardened 
surface layer and expose unaltered metal. It appears 
that hydrogen evolution on titanium produces some 
sort of hydride, either a compound or a solid solu- 
tion, to an appreciable depth. The solubility of hy- 
drogen in titanium is high; according to Bornelius 
(7) it is higher than in palladium, and hydride for- 
mation is not unexpected. 

At current densities below the oxygen limiting 
diffusion current, the cathode reaction is reduction 
of O, to OH-. Under conditions of the experiment, 
the reversible potential of this reaction is +0.60 
volt, so that the overvoltage for oxygen reduction is 
0.85 volt at 1 ywa/em?’. If the polarization curve 
were drawn as a straight line from 0.1 to 100 wa/em?, 
the slope would be 0.11 volt/log unit. Thus, it may 
be that reduction of oxygen follows an overvoltage 
law similar to that for hydrogen or oxygen evolution, 
and with about the same value for the constant b 
in the Tafel equation. 

The small wave shown in Fig. 3 near 4 uva/em? 
seems to be real. Points shown represent the steady 
potentials reached after prolonged polarization. A 
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similar wave would be present at about the same 
current density if either the initial potentials or the 
most negative potentials attained at each current 
density were plotted. After coupons polarized at | 
and 4 wa/em® reached their steady potentials (167 
hr), both were changed to 2 wa/em?, and in 48 hr 
both reached potentials within 0.01 volt of the value 
obtained at the same current density in a previous 
run. Points at 10 and 40 wa/cm? are for 250 hr runs, 
and gave no indication of becoming appreciably 
more positive. 

Time-potential curves of points on the wave are 
shown in Fig. 1, curves 4, 5, and 6. The increase of 
potential begins sooner, the lower the current den- 
sity. If the wave represented the limiting diffusion 
current of some depolarizer being formed by elec- 
trolysis, the increase of potential would occur sooner 
at a higher current, since the concentration of this 
substance would increase more rapidly at the higher 
current. This eliminates both hydrogen peroxide and 
chlorine as possible depolarizers. Chlorine is also 
ruled out by the fact that the cathode potential at 
the wave is about —0.3 volt. For a limiting diffusion 
current of 4 wa/em*, the concentration of the de- 
polarizer must be about 7 X 10-6. For this con- 
centration of Cl. (or HCIO) in 0.5M chloride, the 
reversible potential is +0.9 volt, and the chlorine 
electrode does not usually show large overvoltages. 
It is possible that the wave is in some way associated 
with a change from the two-electron reaction for re- 
duction of O. to H.O. to the four-electron reaction 
for reduction of O. to H.O as the potential is made 
more negative. It is not clear in what manner this 
change of reaction would be expected to affect time- 
potential behavior. 

The polarization curve in Fig. 2 is probably typical 
of the behavior of titanium in many other aerated 
salt solutions not containing reducible ions. Since 
electrode processes which contro) potential do not 
involve ions of the dissolved salt, the only effects 
of using a different salt or changing concentration 
should be those resulting from differences in pH or 
oxygen solubility. The entire curve should be shifted 
to potentials 0.06 volt more negative for each in- 
crease of one pH unit, and vice versa. This would 
not hold true, however, in strongly acidic solutions. 
Titanium is corroded in fairly concentrated acids, 
and its polarization behavior under such conditions 
would be expected to differ considerably from that in 
neutral solutions. The general form of cathodic 
curves for many other noncorroding metals in aer- 
ated salt solutions probably is similar to that for 
titanium. Curves would be shifted in potential by 
different overvoltages for reduction of oxygen or for 
evolution of hydrogen. 

Anodic polarization.—Oxygen overvoltage follows 
the Tafel equation from 0.2 ua/cm? to 6 ma/cm*, the 








solutions of pH = 6.2, is given by 


KE = 1.98 + 0.134 log J, 


where / is in amp/cm? of projected area. T} 


highest current density measured. The pot: 


Ht Tevers. 


ible oxygen potential at pH = 6.2 is +0.63 volt. « 
that oxygen evolution overvoltage is given | 


w = 1.35 + 0.134 log J. 


The overvoltage is 0.95 volt at 1 ma/em?, 
volt at 1 wa/em?*. The Tafel slope of 0.134 is close ; 


\ 
d 0.55 


iw) 


0.12, which is the theoretical value for oxygen over. 


voltage as well as for hydrogen overvoltage. 
Anodic polarization of metals has been studied 


largely with respect to oxygen overvoltage and 
mechanism of oxygen evolution. Adam (8) says that 


a complete film of oxygen is present on an electrode 
from which oxygen is being evolved. However, the 
form of oxygen on the metal surface is in questio: 
it may be chemisorbed, or a metal oxide film may 


be formed. The situation is not necessarily the sam 


for all metals. 


A rather full analysis of this anodic process has 
already been given (1). The potential reached o 
open circuit (+0.2 v) is essentially the same as that 
found when the metal polarized to the oxygen evolu- 
tion potential is permitted to decay on breaking th 
circuit. From the charging curves and the true ar 
(r.f. = 2.2) it is found that the equivalent of thre 
layers of oxygen atoms will have been deposited 


before oxygen evolution occurs. If the oxygen is not 


discharged but remains as either OH 


or O*, this 


amounts to about 9 equivalent layers. The calcula 


tions assume hexagonal close packing and use 0.74 | 


as the covalent radius of oxygen or 1.4 A as the radius 


of either ion. The hydroxy! ion is highly polarizab\: 


and conceivably could pack so 
layers. 


‘ 
« 


as to give fewer 


It is not likely that charged particles can be packed 


in so closely, so in the case of the oxide ion it would 


necessarily be assumed that a very thin metal oxidi 
layer formed (<50 A) before oxygen evolutio 
started.” However, it is then not clear why the ope! 


circuit potential after polarization should be abou! 
+0.2 volt since the Ti, TiO, potential under thes 
conditions would be about —1.6 volts. However, !' 


is not reasonable to postulate three layers of chem 


sorbed oxygen atoms.*® 


Hence, these data still do not permit an unequive 


cal choice between chemisorption or oxide formato! 


as the first step prior to oxygen evolution (and inc 


dentally, as the primary reason for the passivity 
titanium). There is the possibility that the charg 


goes into forming a double layer involving a mole 


* Chemisorbed because on repolarization only a minut 


fraction of the original charge is needed to bring the met 
back to the oxygen evolution potential (1). 








or 
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ayer o! any one of the three particles, with the excess 
oaking off continuously into the metal or into the 
lution. Clearly, experimental evidence of the form 
of the attached particle is needed in order to resolve 


the qui tion. 


ACKNOWLEDGMENT 


The authors are pleased to take this opportunity 
‘o thank Mr. N. Komodromos of these laboratories 
for the gas adsorption area measurements. 


\ny discussion of this paper will appear in a Discussion 
section to be published in the December 1954 issue of the 


URNA 


1. 


6. 


ELECTROCHEMICAL POLARIZATION OF Ti 327 


REFERENCES 


C. D. Hau, Jr., anp N. Hackerman, J. Phys. Chem.., 
67, 262 (1953). 

. O. B. J. Fraser, D. E. ACKERMAN, AND J. W. 

Ind. Eng. Chem., 19, 337 (1927). 

. C. WaaGner, This Journal, 97, 71 (1950). 

L. Meires AND T. Merges, Anal. Chem., 20, 984 (1948). 

“The Corrosion Handbook,’ (H. H. Uhlig, Editor), 
p. 1147, John Wiley & Sons, Inc., New York (1948). 

A. HicKLING ANpD F. W. Sart, Trans. Faraday Soc., 37, 
319 (1941). 


SANDS, 


7. G. Bore ius, Metallwirtschaft, 8, 105 (1929). 


. N. K. Apa, “The Physics and Chemistry of Surfaces,”’ 
3rd _ed., p. 326, Oxford University Press, London 
(1941). 












The Nature of the Zine-Containing lon in Strongly 
Alkaline Solutions’ 


THEDFoRD P. DrrKse 
Calvin College, Grand Rapids, Michigan 


ABSTRACT 


The nature of the zinc-containing ion in strongly alkaline solutions was determined 


by measuring electrode potentials of zine in such solutions under equilibrium con- 


ditions. Galvanic cells were used in which junction potentials were practically elimi- 


nated. Results indicate that in the concentration range of approximately 1-7M potas 
sium hydroxide all the zine is in the form of a zineate ion, Zn(OH),-~. The standard free 


INTRODUCTION 


The question as to whether zinc, when dissolved 
in strong alkalies, is present as a zincate ion, 
(ZnO, +) or as a hydrogen zincate ion (HZnO, ) has 
received a fair share of attention. An attempt to 
answer this question has been made by many in- 
vestigators, and a variety of techniques have been 
used. Hildebrand and Bowers (1) studied weakly 
alkaline solutions using a potentiometric titration 
technique. They found justification for presence of 
the hydrogen zincate ion only. However, Britton 
(2), using the same technique, was unable to confirm 
the presence of either ion. Bodliinder (3) measured 
electrical potentials of cells containing solutions of 
zinc in aqueous sodium hydroxide. He interpreted 
the behavior of the zine electrode to indicate pres- 
ence of the hydrogen zincate ion at all concentra- 
tions. Later Kunschert (4) used a similar method 
and concluded that zine existed as the zincate ion 
in the more strongly alkaline solutions. Bodlinder 
concurred in this interpretation and retracted his 
earlier conclusions. 

The work reported here was undertaken in an at- 
tempt to shed some light on this problem by means 
of a potentiometric study similar to that of Kun- 
schert (4), but using cells in which junction poten- 
tials are negligible. The potential of the zine 
electrode in alkaline solutions containing zinc will 
be dependent on activities of zinc-containing ions, 
hydroxyl ions, and water in the solution. The 
generalized equation for this reaction may be 
written as ; 


rZn+yOH + 2H,0 — Zn, + 22e (1) 


where Zn, represents the complex ion formed. It is 
possible, however, that the water in this reaction is 
a product rather than a reactant. But, as is shown 
later, evidence favors the equation as given. 


Manuscript received February 9, 1953. 


energy of formation of this ion is —206.2 keal. 






This reaction may be considered as taking plac 
in stages 


Zn — Zn” + 2 I] 
followed by 


rZn°* + yOH +2z2HO—-Zn.. (II 


At equilibrium, the potential of reaction (IT) is 
— (RT /nF) In (Zn"*)/(Zn l\ 


. af 
Ean - Ean Zn* 


(The terms in parentheses refer to activities of th 
species indicated.) Assuming that activity 
metallic zine is unity, this becomes 

E., = Es. ant+ — 0.0295 log (Zn \ 


at. Zo U. 


(IIT) is 


The equilibrium constant for reactio 


’ (Zn,) 
K = — V] 
(Zn**)*(OH~)*(HeO) 


Solving for (Zn°*) and substituting in (V), 
Ean = Egn—-azn++ — (0.0295/x) log (Zn,) 
+ (0.0295/x) log K + (0.0295y/xr) log (OH 

+ (0.02952/xr) log (H,O) (VII 


The object now is to evaluate x and y. No attemp! 
is made to evaluate z because it is deubtful wheth: 
degree of hydration can be expressed exactly. 

If the activities of hydroxyl ions and water ar 


held constant while the activity of the zine comple 


ion is varied and the temperature is held at 25‘ 
equation (VII) assumes the form 


Ez. = K’' — (0.0295/x) log (Zn,) (VIII 


where K’ includes all the constant terms. This is 4 


equation for a straight line having a slope “ 


—().0295/z, from which the value of x can 
determined. 
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EXPERIMENTAL 


From a stock solution of zine oxide in aqueous 
potassium hydroxide, a given amount was pipetted 
nto each of several volumetric flasks. Each sample 
vas then diluted to the mark with a potassium 
pvdroxide solution, a different concentration being 
ised in each flask. This gave a series of solutions in 
hich zine molarity was the same but hydroxyl 
on concentration varied. Several such series were 
prepared. 

\nalysis of these solutions for hydroxyl ion 
oncentration was carried out as follows. A known 
excess of hydrochloric acid was added, and solutions 
vere back-titrated with a standard sodium hydroxide 
lution. Alkalinity of solutions so determined 
ncludes both the free hydroxyl ion concentration 
nd hydroxyl ion content of the zine complex. The 
itter must be known to evaluate the former. Since 
the nature of the zine complex was not known, 
wveral possibilities were considered, e.g., Zn(OH)s, 
ynw(OH);, and Zn(OH), . The value for free 
hydroxyl ion concentration depends on which of 
these zine complexes is assumed to be present. All 
three possibilities were considered, but these had 


nly a slight effect on the evaluation of x, as shown 
below. The mean activity of the hydroxyl ion was 
letermined by applying the data of Akerlof and 
Bender (5). The assumption is made that the 
presence of dissolved zine does not appreciably 
fect the activity of free hydroxyl ions. All solutions 
ere fairly concentrated with respect to potassium 
hydroxide so that the zinc complex ion contributed 
tle to the total ionic strength. 
\ clean zine electrode and the bridge of a reference 
ctrode consisting of mercury, mercuric oxide, and 
20% potassium hydroxide solution were placed in 
each solution. The zine potential was measured 
this reference electrode at 25 + 0.2°C. A 


rge seale plot was made of Ez, vs. log (OH) for 


— 
list 


each series of solutions. Then a given value of log 
OH ) was chosen, and E;, in each series was read 
irom the graph for this value of log (OH ). This 
gave Ky, with varying zine concentration but 
onstant hydroxyl ion activity. Activity coefficients 
1 the zine complex were assumed to be the same in 
such selected solutions since the ionic strength of 
these solutions is almost wholly due to free potassium 
hydroxide. The activity of water was also assumed 
to be constant in such a case since it is related to 
hydroxyl ion activity (5). No correction was made 
lor the junction potential between the reference 
ile and the solution. This potential depends 
on hydroxyl ion activity in the solution, and since in 
plotting Bz, vs. zine ion concentration the hydroxy] 
lok activity was held constant, all values on such a 
plot would have been affected by the same amount, 
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and the slope would have remained unchanged. The 
varying amounts of zine ion may have changed 
hydroxyl ion activity slightly, but for present pur- 
poses this effect is assumed to be negligible. 

Several values of log (OH) were chosen and the 
results are shown on Fig. 1. Lines for the various 
series are approximately parallel, the average slope 
varying from —0.031 to —0.029, depending on 
which species of zine complex is assumed to be 
present in solution. This gives a value of | for x. 

Determination of y proved to be more difficult. 
The method finally adopted was as follows. An 
H-type cell with a sintered glass disk in the cross 
piece was used. An aqueous solution of potassium 
hydroxide was placed in one compartment, and a 
hydrogen electrode was inserted in this solution. In 
the other compartment was placed a sample of the 
same potassium hydroxide solution to which some 
zine oxide was added, and a clean zine electrode was 
inserted. This cell was of the type 


Zn, KOH(m) + ZnO KOH (m), He, Pt 
and Ee. = Ean 


reactions are written as oxidation processes. Since 


Ey., when both electrode 


zine oxide concentration was not large in any case, 
it was assumed that it did not significantly affect 
the mean hydroxyl! ion activity, and thus did not 
bring about an appreciable junction potential. EMF 


values for this cell were measured at 25° + 0.2°C. 


- Hydrogen was purified in the usual way, and fresh 


electrodes were used for each run. Zine electrodes 
appeared to behave reversibly since constant and 
reproducible values were obtained within a few 


minutes after the zine electrode was inserted. 
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Fig. 1. Variation of Ez, with log Mz, at constant 
hydroxyl ion activity. Log aoy— for curve I is 1.75; curve 
II, 1.40; curve IIT, 1.10; curve IV, 0.80 


















EMF of the hydrogen electrode was calculated 





from the mean activity of hydroxyl ion using data 
of Akerlof and Bender (5); emf of the cell was 


























measured, and £,, was calculated from these two 











values. Several different concentrations of potassium 





hydroxide were used, and for each concentration a 








large scale plot was made of Ez, vs. molarity of the 





zinc. Then a given molarity of zinc was chosen and 





k,, values for this concentration were read from 











the plot for various concentrations of potassium 











hydroxide. Small concentrations of zine were chosen 





so that the mean hydroxyl ion activity would not be 





affected to a large extent. For a constant value of 








zine concentration, equation (VIL) becomes 








Ey, = K” + 0.0295y log (OH) 














+ 0.02952 log (H.O) (1X) 








where 








K” = Edn—gn++ + 0.0295 log K 














— (0.0295 log (Zn.) (X) 








Equation (IX) has three unknowns in it: K”, y, 
and 2z. 











To evaluate these, certain values were assumed 
for z and inserted in equation (IX). The most 
reasonable values for z seemed to be 2, 3, or 4. Upon 
substituting these in equation (IX), the term 
[Ezn — 0.02952 log (H,O)| was plotted against 






































give a straight line having a slope of 0.0295y, from 
which y can be evaluated. In order to obtain this 
straight line, however, it is necessary that K” be 
constant over the concentration range studied. The 














only term that might vary with changing hydroxy! 
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log (OH). According to equation (IX) this should ° 
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Fic. 2. Variation of Ez, — 0.0295z log (HO) with log 
don-. The mean activity of the OH™~ ion in KOH solutions 











is used. 





€ 195) 


ion concentration is the term log (Zn,). It j 


Ossible 
that the activity coefficient of this specic of jg, 
may not be constant over this range ionie 
strengths, even though the molarity of the s) ocies j, 


a constant. However, when the term 
[Ean _ 0.02952 log (Hf ))| 


is plotted against log (OH), reasonably straiv ht lines 
are obtained (see Fig. 2). Using the slopes of thesp 
lines to evaluate y, one obtains values varying from 
3.86 to 4.06. This means that the zinc-containing 
ion is a divalent zincate ion, and it substantiates thy 
work of Kunschert (4). 

Some idea as to the role of water in the formatioy 
of this zinc complex may also be determined by th 
use of equation (IX). As far as water is concerned 
there are three possibilities: (a) it is a reactant, and 
equation (LX) is correct; (b) it is a product, and th 
last term in equation (IX) becomes 


{—0.02952 log (H»O)}; 


(c) it is neither product nor reactant, and the last 
term in equation (IX) drops out. The correct 
possibility can be determined by choosing several 
Ez, values at constant log (Zn,). In plotting B, 
vs. log (OH) the lines obtained will bend toward 
the log (OH ) axis at higher values of log (OH) if 
the water is a reactant. These lines will bend 
toward the Ez, axis if water is a product, and th 
lines will be straight i* water is neither product nor 
reactant. Several such lines are shown on Fig. 3 
These all bend toward the log (OH) axis indicating 
that water is a reactant rather than a product in th 
formation of the zine complex. 

At lower hydroxy! ion activities, the activity o! 
water is high and is approaching a constant valu 
From equation (IX) then, it is evident that as th 
activity of the hydroxyl ion approaches zero, thi 
slope of the lines in Fig. 3 should become straight 
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and should be a multiple of 0.0295. These limiting 
slopes e about 0.116, which approaches 0.118, the 
value the slope should have if y has a value of 4. 
rhis is a check on the value of y as determined 


Having thus determined the values of x and y, 
equation (1) becomes 


Zn + 40H’ — Zn(OH),” + 2e (XIT) 


Making an appropriate plot, the value of E” for 
this reaction is found to be 1.211 volts. From this, 
\F% for this reaction is —55.85 keal. Using the 
«cepted free energy values for the hydroxyl ion, 
AF for the zine ‘complex ion is —206.2  keal. 
Substituting this value and other standard free 
energy values, AF 29s for reaction (XIII) is —20.7 
keal and the formation constant 


Zn’ * + 40H — Zn(OH), (XII) 


{ the zine complex from Zn** is 1.4 X 10”. This is 
ibout half the value given by Latimer (6). However, 
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he makes the assumption that water is a product of 
the reaction rather than a reactant. 
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SURFACE REACTIONS OF STEEL IN DILUTE 
Cr“, SOLUTIONS: APPLICATIONS TO 
PASSIVITY 
R. A. 


Powers and Norman Hackerman (pp. 314-319) 


M. J. Pryor': The adsorption theory of inhibition by 
chromate has undergone several modifications since it 
was first suggested. Originally? it was supposed that 
inhibition was simply due to adsorption of a monolayer 
of chromate ions, “in such a manner that they satisfied 
the secondary valency forces of the iron ions but did not 
disrupt the metal lattice.”” Even in the earlier work of 
Uhlig? it was admitted that films thicker than a mono- 
molecular layer were formed during passivation, but no 
protective action was ascribed to them. In view of the 
fact that the authors are now postulating adsorption of 
chromate ions on top of an incomplete oxide layer as well 
as adsorption on bare and presumably anodic areas, it 
would appear pertinent to determine what sound experi- 
mental evidence there is to support the adsorption theory 
The 


adsorption theory and a film theory of inhibition can be 


of inhibition. crux of any argument between an 
stated as follows. If inhibition is due to a monolayer of 
adsorbed chromate ions, then passivation of an originally 
film-free iron surface should yield only a “film” of mono- 
molecular thickness. If, however, it can be demonstrated 
that an appreciably thicker film is formed, then it is 
clear that an adsorbed monolayer is not preventing cor- 
rosion since thickening of the film can only occur if the 
monolayer is not protective; if this is the case, inhibition 
must be ascribed to causes other than absorption. With 
this in mind, it is apparent that the authors could have 
performed more critical experiments by starting with 
film-free iron surfaces instead of iron surfaces already 
carrying an air formed oxide film. 

It has been shown by means of electron diffraction*® 
that passivation of initially film-free iron specimens by 
solutions of potassium chromate resulted in the formation 
of thin films composed mainly of y-Fe.O;; the thickness 
of the films appeared to increase with increasing time of 
exposure of the specimens to the passivating solution 
and, after two days’ immersion, achieved an estimated 
thickness of 150 A-200 A, based on the apparent surface 
area of the specimens. The thickness of passivity films 
calculated on the real surface area of the specimens was 
undoubtedly less, probably around 50 A-70 A, but there 
is absolutely no doubt that they were considerably thicker 
than a monolayer. For instance, films could be detached 
from the metal by a suitable film stripping reagent and 
were then visible to the naked eye. They could be handled 
relatively easily and could be mounted on small grids 
electron diffraction. Identification of 


and identified by 


‘Kaiser Aluminum & Chemical Corporation, Spokane, 
Wash. 

2H. H. Unuie, Offic. Dig. Federation of Paint & Varnish 
Production Clubs, 318, 660 (1952). 
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stripped films was supported by electron diffraction 
identification of the films while still attached to the meta) 
and has later been confirmed, using a stripping t chnique 
which permits isolation of passivity films without bringing 
specimens into contact with air after passivation.‘ 
the isolation of films was carried out in air-free nor Aqueous 
solutions there was no chance of film formation during 
the stripping process. 


Since 


Films formed by chromate, on examination by norma! 
electron diffraction methods, show no constituent othe; 
than oxide.* This means that any seeond phase is present 
in amounts less than approximately 10%. Other work 
has shown that chromium, either as chromic compounds 
or as chromate, is undoubtedly present but in smalle; 
amounts than the stoichiometric quantity expected fron 
a reaction such as: 
2K.CrO, + 5H.O + 2Fe = Fe.O; + 4KOH + 2Cr(OH 
Eviden iy the major portion of the passivity film is formed 
by the heterogeneous interaction of dissolved oxygen and 
the iron surface, despite the fact that the rate of inter 
action of chromate ions with ferrous ions in neutral solu 
tions is greater than that of dissolved oxygen and ferrous 
ions. It has been suggested® that the function of the chro 
mate is largely confined to repairing those areas wher 
the oxide film is discontinuous. It is agreed that the first 
step in this localized film repairing is the absorption o! 
chromate ions into the steel surface. It is believed, how 
ever, that the reaction does not stop at this point but is 
followed by oxidation of the iron and reduction of tly 
chromate ion. 

Distribution of chromium in passivity films has not 
been previously determined; consequently, the work o! 
the authors is timely. However, distribution of fern 
phosphate in passivity films formed in sodium ortho 
phosphate’.* and of lepidocrocite in films formed in 
sodium hydroxide® has been investigated. Both of thes 
are anodic inhibitors and, although they are nonoxidizing 
anions with respect to iron, it has been suggested that the 
not dissimilar to 


mechanism of inhibition is 


and lepidocrocite is of the order of 1-2 yw in diamete! 


?J. E.O. Mayne anp M. J 
1831. 

‘M. J. Pryor, Unpublished work. 

5D. M. Brasuer anv E. R. Stove, Chemistry & Indust 
1962, 171. 

*M. J. 
(1953). 

7M. J. Pryor, F. Brown, ann M. Conen, This Journa 
99, 452 (1952). 

*J.W. Menter, Compt. rend. du Premier Congres Inte! 
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Chem. Soc., 1960, 3229. 
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that of 
chromate.’ The size of the inclusions of ferric phosphate 


1949, 


Pryor AND M. Conen, This Journal, 100, 2 
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nd they were present in amounts of between 2-10% of 
a passivity film (excluding a few results on acid washed 
urfact in solutions on the borderline between passivity 
od inhibition where the phosphate contents were higher). 
rhe distance separating the inclusions was, on the aver- 
ve. between 5-7 w. Whereas it cannot be assumed ar- 
vitrarily that distribution of chromium compounds would 
similar seale, convincing evidence concerning the 


e on 
jistribution of these compounds in passivity films will 
not be obtained unless experiments, sensitive enough to 
nick up heterogeneity on this scale, are carried out. This 
; not easy to do by radioautographic means, since hetero- 
veneity of the nature indicated above would be equivalent 
t) a large number of point sources separated by very 
small distances (5-7 py. 

Therefore, there are two questions that I would like 

to ask the authors on their radioautographs. These are: 
What was the magnification of the radioautograph 
of the passive surface? 

2, What was the emulsion thickness and approximate 
grain size of the plate used for the radioautograph 
of the passive surface? 

The exclusion of these details from the experimental 
vetion makes it difficult to determine the value of the 
ilioautograph of passive surfaces. To prove conclusively 
it the distribution of activity is homogeneous, the 

grain size of the emulsion would have to be of the order 
(2-3 u and the emulsion thickness of the same order. 
lo the best of my knowledge, characteristics of this 
nature can only be obtained by painted emulsions which, 
| believe, are not produced commercially. Plates of highest 
esolving power available commercially have a resolving 
power of the order of 1000 lines/mm. These plates might 
e just sensitive enough to detect heterogeneity of the 
nature indicated above when examined under high 
magnification. 

It may be that the radioautographic techniques used 

the authors were carried out in this manner; if they 
vere, their conclusions are valid; if such was not the case, 
the arguments advanced in the discussion are uncon- 
neing 

Two other points in this paper require some qualifica- 
nm. Firstly, the reference to the work of Robertson"® 
n tungstate and molybdate is misleading. It was pointed 


; 


it in the discussion to this paper." that tungstate 
nd molybdate had been proved to be nonoxidizing 
mons only in LN sulfurie acid which has a considerable 
stabilizing influence on ferrous ions. Experiments reported 


| this discussion" and later published in the Journa.® 
ow that tungstate and molybdate have mild oxidizing 


perties toward ferrous ions in neutral solutions where 


y 


they are effective as anodic inhibitors. Unlike chromate, 
however, they are not sufficiently powerful oxidizing 
gents to inhibit corrosion in deaerated solutions. 


Secondly, I would like to ask the authors why they 
1 contact potentials instead of solution potentials. 
anted that the interpretation of either measure- 


D. Ropertson, This Journal, 98, 94 (1951). 
J. Pryor ano M. Conen, This Journal, 98, 513 


DELAHAY, This Journal, 98, 514 (1951). 
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ment is not easy, but the interpretation of contact po- 
tentials would seem to suffer from the additional disad- 
vantage that specimens have to be removed from the 
passivating solution and exposed to the atmosphere 
before a measurement can be made. Is there, therefore, 
some special advantage to contact potential measurement 
which outweighs this disadvantage? 

To sum up these comments, it is evident that during 
the last ten years a considerable volume of experimental 
work on anodic inhibitors has been carried out. To explain 
these observations in a satisfactory manner requires, of 
necessity, a relatively comprehensive theory; to say 
inhibition is due to adsorption, or to precipitation, or to 
film-formation is not enough. It must be shown how a 
particular theory best explains the available data. It 
appears that the adsorption theory is not consistent with 
a large volume of data published by many other corrosion 
investigators. Few will disagree that adsorption of chro- 
mate ions at anodic areas is one step in the inhibitive 
process. However, the writer disagrees that the reaction 
stops at this point, but believes that adsorption of chro- 
mate takes place only at small anodic areas and is followed 
by oxidation of the iron and reduction of the inhibitor 
anion. 

R. A. Powers anp NorMAN HaAckKeRMAN: In answer 
to Dr. Pryor’s specific questions, the radioautographs 
shown were actual size, and were taken at various times 
during the investigation on both Kodak nuclear track 
plates and Kodak No-Screen X-ray film. The particular 
radioautograph shown for a passive surface was obtained 
using x-ray film, and was specified as showing only the 
apparent uniform distribution of Cr. There was no 
pretense of having shown uniformity on an absolute 
scale, nor would one expect it in view of the heterogeneous 
nature of surfaces and surface reactions. One should not 
confuse the term “‘monolayer’’ with absolute uniformity, 
since “layers” exist primarily as the result of calculations 
based on values of absolute surface area end mass of 
reactant retained on the surface. We refer rather to 
“equivalent monolayers” which implies no predetermined 
distribution. Note also that the distribution of activity 
was not one of the seven factors on which our conclusions 
were based. 

The measurement of contact potential has the inherent 
advantage that it measures irreversible changes in the 
electrical properties of a surface independently of the 
media or conditions producing the change. They can thus 
be more directly related to the structure or composition 
of the surface than can solution potentials. Contact 
potential measurements also permit comparison of surface 
conditions before and after exposure to passivating or 
other environments, which solution potentials do not. 
They may also be applied to gaseous and nonaqueous 
systems. It is true that transfer of specimens from pas- 
sivating solution to air for measurement prod. >%s sec- 
ondary changes in potential. In fact, measurement of 
contact potentials in dry, oxygen-free nitrogen, shows 
that secondary changes such as these can be minimized." 
However, in the case of steel from chromate solutions, 


8. L. Anres anp N. HackerMAN, J. Appl. Phys., 22, 
1395 (1951). 





























these changes were slow enough to follow with ease and 
were always constant in magnitude, so that there is no 
valid reason to question the significance of the values 
used. 
































The reported work on the passivation of iron and steel 
by chromates is primarily limited to experiments of 
three types: (a) oxide-free surfaces and solutions con- 
taining dissolved air; (6) air oxidized surfaces and de- 
aerated solutions; or (c) air oxidized surfaces and solutions 
containing dissolved air. In the references cited by Dr. 
Pryor, and in his discussion of the subject paper, there 
are no explicit statements or descriptions of film stripping 
and electron diffraction work with both oxide-free surfaces 
and deaerated solutions. 




























































































Hackerman and Hurd™ have reported on the reaction 
between steel and deaerated dichromate-acetic acid 
solutions. In these solutions, up to 60% of the original 
dichromate (300-450 ppm) was reduced before the rate 
of reduction leveled off after 90-100 hr. In the presence 
of air, however, there was no measurable change in dichro- 









































mate concentration and no apparent change in appearance 
of the steel in contrast to the dark reddish-brown film 
formed in air-free solutions. 




















These data illustrate the point that there is no necessity, 








and perhaps no valid reason, to postulate a universal 
mechanism for the passivation of steel by hexavalent 














chromium. The authors have advanced a mechanism 
which is derived from, and self-consistent with, the be- 
havior of oxide-bearing steel and chromium in dilute 
chromium-VI solutions containing dissolved oxygen 
































the most common condition under which passivity is 
observed. If one admits the possibility that the hetero- 
geneous reaction between iron and dissolved oxygen 
takes precedent over any reaction between iron and 
chromium-VI,".'® then the concept of inhibitor adsorp- 
tion onto an oxidized surface applies to the cases cited 
by Dr. Pryor for oxide-free surfaces and aerated chromate 


solutions."* 
























































The amounts of chromium found firmly fixed to a 
passive steel or chromium surface were such that one 
would not expect them to be detected by normal electron 
diffraction examination of stripped oxides, so that in this 


























sense we agree with the experiments of Mayne and 
Pryor.” The 48 x 10°* gram of chromium retained per 
em? of oxide-bearing steel surface passivated in | x 10°°M 





























sodium chromate of pH 7.5 corresponds to approximately 
8% of the weight of a y-Fe.O; film 200 A in thickness. 
In this connection, it is worth pointing out that the 
amount of chromium retained by an oxide-bearing steel 
surface passivated in chromium-VI solutions is a sensitive 
function of solution pH, and possibly other variables. 
Hence, one is not justified in making inclusive statements 
regarding the amount of chromium that should or should 
not be associated with such surfaces. For example, little 








“ N. HacKERMAN AND R. M. Hurp, This Journal, 98, 
51 (1951 

6M. J. Pryor anp M. Conen, This Journal, 100, 203 
(1953 

J. BE. O. Mayne AND M. J. Pryor, J. Chem. Soc., 1949, 
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or no firmly fixed chromium is associated with ; 
faces passivated in 10-°°M chromate solution of »q ll. 
while approximately 100 x 10-* g/cm? are ret 
PH 4. In the case of chromium surfaces in 104M 


el sur 


ied at 


lution, 
retention of chromium from solution is limited xt only 
by pH, but by the ratio of surface to solution volynp 


and the concentration of anions such as sulfate gnq 
chloride.” Data like these call attention to the fact that 
in order to have meaning, any statement made concerning 
the character of a passive surface should be carefy|) 
modified by the conditions under which passivation was 
produced, e.g., state of the initial surface, solution coy 
centration, pH, oxygen content, ete. 


ANODIC FORMATION OF COATINGS ON 
MAGNESIUM, ZINC, AND CADMIUM 


Kurt Huber (pp. 376-382) 


H. J. Wricgur®: What are the compositions of some | 
the anodically formed coatings on magnesium? 

How are these affected by traces of chlorides, phos 
phates, sulfides? 

We need to know if the metal oxides on magnesiun 
are resistant to polyphosphates, etc., under anodic con 
ditions. 


Kurt Huser: The experiments described in my pape: 
dealing with the anodic behavior of magnesium were 
performed in solutions prepared with purest NaOH 
Therefore, no predictions can be made at present con 
cerning the effect of traces of chlorides, phosphates, and 
sulfides on these anodically formed coatings. 

However, Fliickiger in his doctoral research work | Refer 
ence (2) of my paper] investigated the anodic formation 
of coatings on magnesium in aqueous solutions of NajPO 
and NH,F as well as in various polishing baths. After 
isolation, the composition of these coatings was dete: 
mined by x-ray and electron diffraction methods. 

In 4N NasPO,, coatings were formed in which Mg() 
Mg(OH)., and occasionally Mg; (PO,).-4H.O could bx 
detected. MgO predominated, particularly with short 
formation periods (1 min at 10-40 volts), while Mg(OH 
became the principal component after longer formation 
periods. In an analogous manner, MgO, Mg(OH)», and 
MeF, were formed in 2N NH,F solution. 

The change in composition of the coatings with in 
creasing periods of anodic treatment seems to indicat 
in these cases as well that MgO is produced as the primar 
product, and that then in a subsequent reaction it 
hydrated or converted to an insoluble salt. In a polishing 
bath containing 375 ml H3PO, (d = 1.71) and 625 mi 
absolute alcohol, coatings containing MgO and Mg(OH 
were formed. At higher voltages corresponding to thos 
employed for anodic polishing, magnesium phosphate was 
also oceasionally formed. However, MgO was always thi 
predominant component. 


7 N, HacKERMAN AND R. A. Powers, J. Phys. Chen 
67, 139 (1953). 
8 Socony-Vacuum Oil Company, 26 Broadway, \e* 


York, N. Y. 
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195, . 
= FACTORS Sena capping Bl manger gm We agree also with Dr. Lowenheim’s statement that, 
- ro GRAY TIN AT LO UMPER: a although a small amount of zine tends to accelerate the 
d os R. R. Rogers and J. F. Fydell (pp. 383-387) transformation to gray hn, a larger amount of zine 
tion A, Lownmbtemant®: Ties anthems ano to te complionsnted actually acts as an inhibitor. This is brought out clearly 
- BRE TA ; : : by the following data taken from Table IV of our paper: 
“aly 1 a most interesting study of a question which appears 
ume, » be again attracting considerable attention. I question, 
and however, Whether the grade of tin which they used for Composition of tin m Value 
that, their experiments should be called “commercial.” I have : 
Ting no criticism of using for research work the purest materials ype I ea * 0.29% re 7 on 
fully hich can be found but, considering that rather small Type . a Tena ee at 
was om te pent es Pag Re as APE ' Lype I tin z 0.07 
mounts of impurities appear to have large effects on the Type I tin + 0.05% zine 0.020 
fon henomenon the authors are studying, it may be well to 
int out that grades of tin available commercially may 
ehave quite differently from that which the authors It would appear that the m value of Type I tin with the 
lesignate as commercial. For example, the authors’ tin addition of approximately 0.040% of zine would be the 
ontained 0.0005 % antimony; commercial tin may contain same as that of Type I tin alone. When smaller zinc 
» to 80 times this amount and still be designated Grade additions (as 0.019 or 0.037%) are made to the tin, the m 
\. Similarly, the authors’ tin contained 0.0005% lead; value tends to be greater than that figure, but when larger 
e of the maximum specification for Grade A is 100 times this zine additions (as 0.05%) are made, the m value tends to 
ijount. Similar remarks would hold for the other im- be less. 
108 ities cited by the authors. Details of the specification 
r Grade A tin and for typical analyses of all the leading ATTEMPTS AT THE ELECTROLYTIC INITIATION 
un inds may be found in ‘Metal Statistics 1952” published OF POLYMERIZATION 
Ol the American Metal Market, page 451. It would be .-B. PebeGienhee Ciieas Quen, 36. enl 
nteresting if the authors could fit into their program a C. S. Marvel (pp. 408-410) 
per study of more typical commercially available tin. 
ce The effect of zine is of particular interest in view of ‘GARRETT W. Tuiessen®: Relative to reluctance of 
/H mmercial possibilities of the tin-zinc alloy deposit. It “free radicals” RC 0, to leave the anode in the Kolbe 
On may be pointed out that, although the very small amounts aqueous electrolysis, work is in progress at Monmouth 
ind zinc the authors have studied appear to accelerate the College, doing the acetate electrolysis between Pt plates 
hase transformation, some work which is in progress in at variable frequency. At 60 cycles, only very small 
fer the United States shows that zine in considerably larger amounts of H, only are found; even at | cycle, the yield 
ion mounts acts as an inhibitor. In fact, electrodeposits of the of Kolbe gas is highly inhibited. We infer that the 
%) 0% tin-20% zine alloy show little or no tendency to CH;-COO radical coheres within itself, and adheres to the 
ter transform, even when inoculated, after a testing period electrode, for times of the order of one second. 
e! f six months. I recognize, of course, that 20% zine is no No comment from the authors. 
nger an impurity, but the reversal of the trend should 
() e noted, and it might be interesting to investigate the STRUCTURAL FEATURES OF OXIDE 
be inge of tin-zine alloy compositions to find at what per- COATINGS ON ALUMINUM 
ort entage of zine this reversal occurs. F. Keller, M. S. Hunter, and D. L. Robinson 
1 R. R. Rogers anp J. F. Fypex.: In describing the tin (pp. 411-419) 
lor ised in these experiments we stated that two of the three 
nd types were obtained from ordinary commercial sources. Cuares L. Faust: This is a very interesting discus- 
It was left to the reader to decide whether or not such tin sion to one interested in anodic processes. The electron 
should be called “commercial.” microscope pictures are certainly excellent. 
ate We agree with Dr. Lowenheim that the composition of The quality in eye appeal of an electrobrightened-, 
ul ommercial tin varies over a comparatively wide range, anodized-, and dyed-aluminum surface is better than that 
ind the tendency to form gray tin is very different in of abrasively finished and buffed aluminum that is anodized 
ng lifferent parts of this range. This was demonstrated and dyed. This situation suggests that the nature of the 
n clearly in the present investigation. As stated in our starting surface is influential in determining the char- 
paper, when a small amount of copper was added to acteristics of the oxide formed in anodizing. The authors’ 
a lype I tin, containing 0.0005% antimony and 0.0005% comments on this point would be of interest. 
a ead, the average m value of the resulting material was How does surface distortion, strain, and cold work 
| 0.342 at —29°C. On the other hand, when a similar influence the character of oxide coating vs. that of oxide 
imount of copper was added to Type II tin, containing coating over the nonworked, nonstrained, and undis- 
V.0l5", antimony and 0.009% lead, the average m value torted electrobrightened surface? 
Was ().006 at the same temperature. 
- 20 Monmouth College, Monmouth, III. 
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The authors state that the ideal electrobrightening 
treatment would be one in which the oxide layer was 
dissolved as fast as it was formed. Morize, Lacombe, and 
Chandron” report that aluminum electropolished in 
perchlioric-acetic acid bath has no oxide coating. As 
evidence of this, the electrode potentials are cited. As- 
suming that this claim of no oxide is correct, would such 
an electrobrightened aluminum surface anodize to differ- 
ent oxide-cell size, pore dimensions, etc., than a surface 
electrobrightened, but containing a thin oxide film or 
“smudge?” The thin oxide is mentioned on page 418, 
left column, of the Keller, Hunter, and Robinson paper. 

F. Kevter, M. A. Hunrer, ann D. L. Roprinson: 
While the appearance of anodically coated and dyed 
aluminum surfaces is dependent on the nature and char- 
acteristics of the starting surface, we believe that such 
differences in appearance are not related to the cell and 
pore dimensions of the oxide coating. In the case of sur- 
faces which are abrasively finished and buffed, the dull 
appearance is generally attributed to particles of abrasive 
or buffing compound which have been incorporated into 
the surface layer of metal. It is doubtful that surface 
distortion, strain, or cold work influence the dimensions 
of the oxide cells because no differences in oxide structure 
have been observed between coatings applied to annealed 
aluminum and those applied to hard rolled aluminum. 

We would expect a thin oxide film or “smudge” remain 
ing after an electrobrightening treatment to have little 
or no effect on the dimensions of an anodic oxide film 
applied subsequently, particularly if the anodic film was 
of appreciable thickness. When an anodic coating is applied 
to an aluminum surface which already has an anodic 
coating applied in a different electrolyte and under 
different conditions, there is a relatively rapid transition 
from the cell structure characteristic of the initial coating 
to that characteristic of the final coating. The time re- 
quired for this transition is a function of current density 
and is apparently only slightly longer than that required 
to establish the cell and pore pattern initially. Thus, the 
presence of a thin oxide layer remaining from an electro- 
polishing treatment would have no significant effect on 
the pore and cell dimensions of the major portion of the 
anodic coating. Inasmuch as such a layer would remain 
on the outer surface of the anodic layer, however, some 
difference in appearance might result. 


DETERMINATION OF CURRENT EFFICIENCY 
OF DIAPHRAGM ALKALI-CHLORINE 
CELLS BY GAS ANALYSIS 
M.S. Kircher, H. R. Engle, B. H. Ritter, and 
A. H. Bartlett (pp. 448-451) 


Ratew M. Hunrer®: I am wondering if you have ever 
compared the quantities of the three products collected, 
i.e., measure the collected chlorine and correct for chlorate, 
chlorine losses in the brine, and other undesired reactions; 
collect the caustic soda, making corrections for impurities; 
and collect the hydrogen. Under these conditions, you 
should account for 35.5 grams of Cl,, 40 grams of NaOH, 


22 P. Morize, P. LacomBe, Aanp G. Cuanpron, Compt. 
rend des J. des Etats de Surface, 34, 242 (1945). 
* The Dow Chemical Company, Midland, Mich 








and | gram of H,. It occurs to me that this mig 
excellent method for studying cell operation. 

M. 8. Krrcner: In normal plant operation, t quan 
tities of chlorine, caustic soda, and hydrogen produced 


be an 


are measured. It is because of the inaccuracies of thos 
measurements as carried out on a plant scale that the yas 
analysis measurement of current efficiency was eVised 

It would be relatively simple to conduct the measyr. 
ments which Dr. Hunter suggests on a single cell. W, 
have not done this, but consider that it should be done j 
a further investigation, such as that done earlier.2* wor, 
undertaken. 


THE ELECTROCHEMISTRY OF THE First 
LAYERS OF ELECTRODEPOSITED METALS 


T. Mills and G. M. Willis (pp. 452-458) | 
J. O'M. Bockris**: Values obtained by Mills and Wij 


for the capacity on silver electrodes seem very hig 
indeed.” It would be of the utmost interest to learn ji! 
these authors could obtain any solid evidence with regan! 
to hydrogen atom adsorption from their charging curves 
the position in this respect is particularly ambiguous with 
respect to silver. 

T. Mitis anp G. M. Wittis: Our capacities are con 
parable with those found by Veselovsky for etched silve: 
(350-400 uwF/cem’*). We also find similar variations 


capacity with the state of the surface, which may be 


attributed to changes in surface area. We agree with D 
Bockris that the capacities, even after allowing for 
high ratio of real to apparent surface, seem high. This 
appears to be generally true of the double laver capacities 
of solid metals when compared with that of merew 
Measurement of true surface area would be of assistane 
in interpreting results. It is possible that reduction | 
surface oxide or deposition of adsorbed hydrogen co 
tributes to the high measured capacity. 

We have no definite evidence for hydrogen adsorptio 
on silver. The second arrest in alkaline solutions whi 
was found by Veselovsky (and which we have confirmed 
was ascribed by him to a strongly bound oxide film. Fro: 
changing curves alone it is not possible to distinguish a! 
oxide film which can only be reduced at highly cathod 
potentials from an adsorbed hydrogen film. Removal o! 
oxygen with simultaneous deposition of adsorbed hydroge! 
is another possibility which cannot be excluded fro! 
consideration. 

SOME PROPERTIES OF TIN-IL SULFATE 
SOLUTIONS AND THEIR ROLE IN 
ELECTRODEPOSITION OF TIN 
Il. Solutions with Tin-IL Sulfate and 
Sulfuric Acid Present 


C. A. Discher (pp. 480-484) 


A. H. Du Rose”: Dr. Graham has suggested the use 0! 
fluoride in the sulfate bath to prevent sludging. It has 


* R.L. Murray anv M.S. Kircner, Trans. Electroche! 
Soc., 86, 83 (1944). 

% John Harrison Laboratory, University of Pennsy! 
vania, Philadelphia, Pa. 
* Cf. Y. VeseLovsky, Acta Physicochim., 11, 815 1939 
7 The Harshaw Chemical Company, Cleveland, (hie 


€ 195) 





Vol. I! 


neen ¢ 
sludgil 
tion, 1 
rate 0 
fl jorid 
nd 0 





vol. 101, No. 6 


ey our experience that, while fluoride will prevent 
Judging for a time, dependent on the fluoride concentra- 
tion, it does so by holding the Sn-IV in solution, and the 
ate of formation of Sn-IV is faster in the presence of 
quoride. The effect of Rochelle salts is similar. Copper 
il iron in the solution accelerate the formation of 
ay IV 
( A. Discner: During my work with Dr. Mathers, we 
nduected a series of experiments with the sulfate bath 
which hydrofluoric acid was substituted for sulfuric 
1% Under the conditions used, sludging was not a 
blem even over relatively long periods of time. How- 
this approach was discontinued since its merit 
s not considered sufficient to overcome certain dis- 
intages inherent in the fluoride type of bath. 


VECHANISM OF REACTION OF ALUMINUM 
AND ALUMINUM ALLOYS WITH 
CARBON TETRACHLORIDE 


Milton Stern and Herbert H. Uhlig (pp. 543-552) 


H. G. Oswrn®*: It would seem that further investiga 
n should be carried out before any reaction mechanisms 

1 be proposed for this system. 
While the presence of certain ‘‘inhibitors’’ appears to 
revent the initiation of the reaction, this only indicates 
it the initial steps involve free-radical mechanisms; it 
joes not preclude the possibility of a chemical reaction 
iter stages This could, of course, be checked by addi- 
n of inhibitors to the system at suitable time intervals. 
Presence of CoCl, as the sole organic end product is 
surprising, since other authors,*® working with systems 
to contain CCl, radicals, have failed to detect any 
exachloroethane. It seems more likely from this other 
dence that CCl, is usually formed," possibly with the 
nation of chlorine, in some such disproportionation as: 


CCl, T CCl; > CCl, T Cl, 
ven and Rohatgi,” working in the liquid phase, also 


not report the formation of any C2Cls. 


| should also like to know the ratio of the end products 
( lf 


\ICl;. This would probably provide a very good 
indication of the mechanism. 

Presumably, in the proposed mechanism the chain- 
pagating process is AIC]; + CCl, > AICI," ICCls] + 
The induction period of the reaction is then affected 
the concentration [AICI]. It would be interesting to 
serve how the addition of AICI, to the system would 
fect the induction period. 


Finally, it would be worthwhile investigating the reac- 
tion from a photochemical viewpoint to see whether it 
could be initiated by a direct photolysis or a photosen- 
sitized method. 


‘Fk. C. Matruers anp C. A. Discuer, Proc. Indiana 
lead. Sei., 66, 141 (1946). 
‘National Research Council, Ottawa, Ontario, Canada. 


H. ScuumMaAcHER AND K. Wo rr, Z. physik. Chem., B26, 
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tH Smyser ANp H. M. Smautiwoop, J. Am. Chem. 
Soc., 55, 3499 (1933). 
BowEN AND K. K. Ronarteat, Disc. Faraday Soc., 


14, 146 (1953), 


DISCUSSION 


SECTION 337 


MILTON STERN AND H. H. Unuia: Many of the questions 
raised by Mr. Oswin are answered directly in the text of 
the paper. For example, compounds effective as inhibitors 
were found also effective after the reaction had started, 
as is described on page 550. Also, detailed discussion of the 
effect of aluminum chloride on the induction period is 
found on page 541 and in reference (1). There is, of course, 
no difference between the reaction mechanism we propose 
and that of a chemical reaction, and we feel that sufficient 
data have now been assembled to establish that the reac- 
tion depends on a chain sequence in which free radical 
species participate. 

We did not state in our paper that C.Ck is the sole 
organic reaction product, but only that our work, con- 
firming other investigators, proves it to be the major 
product. However, as we have indicated in the abstract 
and also in the text beginning page 550, it would be quite 
unusual, if not exceptional, to find a free radical reaction 
which produces no side products. Accordingly, a complex 
residue of by-products was found, but no measurable 
quantities of chlorine were evolved during the reaction. 
It should be emphasized that where reactions with lower 
activation energy are possible, trichloromethy! radicals 
may be consumed by processes other than dimerization 
(formation of CCl). This is generally the case in the 
systems which Oswin has quoted. On the other hand, 
Melville, Robb, and Tutton® have shown that trichloro- 
methyl radicals may be involved in dimerization as the 
predominant termination reaction, or they may react 
With other available species, depending on the concentra- 
tions and substances present. For the aluminum-carbon 
tetrachloride reaction, where no tiiird organic material is 
available for combination with trichloromethy! radicals, it 
is readily understood why hexachloroethane is the major 
end product. 

We agree that the reaction should prove fruitful from 
the standpoint of the photochemist, and hope that some- 
time this phase of the problem will be investigated by those 
familiar with photochemistry. 

W. W. Smetrzer®™: Stern and Uhlig suggest that vacuum 
treatment at 400°C for 7 hr does not damage the oxide 
film on aluminum and, thus, will not account for the 
shorter delay in the aluminum-carbon tetrachloride réac- 
tion. It has not been established whether the crystalline 
structure of the oxide may have an effect on the duration 
of this induction period. Heating at 400°C may cause 
crystallization of the amorphous oxide to gamma-alumina, 
as the diffraction studies of Brouckére*® show that this 
crystalline form of alumina occurs in the oxide film after 
6 hr of heating in air at 400°C. Also, Hass® found that 
gamma-alumina crystals form at temperatures less than 
400°C on the (IIT) face of evaporated oriented aluminum 
films, although a temperature of 450°C was required to 


33 H. Me.tvituie, A. Ross, ano R. Turron, Disc. Faraday 
Soc., 14, 150 (1953). 

% Aluminium Laboratories Limited, Kingston, Ontario, 
Canada. 

% 1, De Brovuckétre, J. Inst. Metals, 71, 131 (1945). 

% G. Hass, Optik, 1, 134 (1946). 
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initiate crystallization of the amorphous oxide on poly- 
crystalline aluminum films. 

It has been suggested by Hass” that this crystalliza- 
tion of the oxide may produce cracks in the oxide film. 
If this is valid, then the decrease in induction time for 
specimens heated at 400°C in vacuum may be partially 
caused by formation of a less protective film by crystalli- 
zation of the amorphous oxide. 

The conclusion of Stern and Uhlig that water and, per- 
haps, oxygen in the oxide are probably responsible for the 
induction period, would be strengthened if it is proven 
that crystallization of the amorphous oxide does not occur 
with heating of specimens at 400°C in vacuum for 7 hr, 
or if specimens with either an amorphous or crystalline 
thin oxide film exhibit the same characteristic behavior. 

MILTON SrerRN AND H. H. Uatia: In answer to W. W. 
Smeltzer, heating the oxide film on aluminum undoubtedly 
causes some structural changes, including recrystalliza- 
tion and perhaps the production of cracks. However, 
these changes do not explain decrease of the induction 
period after vacuum treatment. For example, similar 
oxides heated in air would be expected to undergo a 
similar structural change; yet, for specimens so treated, 
the induction period is either the same or somewhat 
greater than for the untreated specimens. Increase in 
thickness of oxide films on heating does not balance any 
supposed loss of protection through structural change, 
because anodized films equal to or thicker than the oxide 
films produced by heating are also not very effective i@ 
extending the induction period. On the other hand, our 
experiments show clearly the marked effect of water and 
oxygen on delaying the reaction. Since natural oxide 
films on aluminum contain water and perhaps oxygen as 
well, both of which are removed by vacuum treatment, 
it is more likely that these factors account for the obser- 
vations rather than a mechanism based on cracking of the 
film. 

M. J. Pryor®: The authors have presented an inter- 
esting interpretation of their data on the corrosion of 
aluminum alloys in carbon tetrachloride by suggesting 
that the reaction is initiated by the formation of -CCl, 
free radicals. The -CCl, free radical is one that has been 
generated with relative ease in carbon tetrachloride solu- 
tions by photolysis. If the interaction of aluminum and 
carbon tetrachloride proceeds by a free radical mechanism, 
then it should be possible to initiate the reaction by 
photolysis. Have any experiments of this nature been 
carried out by the authors? 

MiLTon STerRN AND H. H. Unuic: We agree with M. J. 
Pryor that there should be considerable effect of radiation 
on the reaction, and that studies of this kind would be 
both interesting and valuable. Although we excluded 
light from the reaction vessels in which our experiments 
were carried out, we made no systematic effort to deter- 


mine the magnitude of the effect. 


7G. Hass, Verhandl. deut. physik. Ges., 22, 1 (1941) 
* Kaiser Aluminum and Chemical Corporation, Spokane, 
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RATE OF DISPLACEMENT OF SILVER } Roy 
AQUEOUS SILVER NITRATE BY ZI‘ 
AND COPPER 







Richard Glicksman, H. Mouquin, and C .¢jj 
V. King (pp. 580-585) 






H. J. Axon anv P. A. Carrwricur®®: We were par- 
ticularly interested in this paper since we have recently 






studied the reaction between solid copper and aqueoys 
AgNO, solution under static conditions, and have also 
done a few experiments with rotating specimens of the 
type described by King and his coworkers. In the “potgt. 








ing specimen”’ experiments, using a copper cylinder with 
peripheral speed 4500 cm min~' (900 rpm) and 01¥ 
AgNQOs, we found that silver tended to adhere to randomly 







distributed areas of the rotating copper, thus producing 





erratic values of k. When the rotating specimen was cop. 





tinuously scraped with a light glass scraper, a consistent 
value of 0.78 was obtained for the rate constant k. Cop. 
sidering the different concentration and geometry in the 






two investigations, this value is in reasonable agreement 
with Fig. 4 of the paper. 






We would also like to relate the results of our exper- 





ments with “stationary”? specimens to some of the gaps 





in the literature which have been pointed out in the paper, 





For stationary conditions we have found that the replace 
ment process in the Cu/0.1M AgNOs system may be 
described by the equation 







Cu + 2AgNO; — 2Ag + Cu(NQs), 






to an accuracy better than 1%, in general, the actual loss 





of weight of solid copper being 1% greater than that caleu 





lated from an analysis of the silver ions remaining in solu 





tion. We are convinced that most of this discrepancy is 





due to the mechanical loss of small particles of copper from 





the corroded specimen, but have detected the simultane 





ous evolution of hydrogen during the reaction. Speci 
care is required to detect this hydrogen, since in our ex 
periments we estimate that the deposition of | gram 
metallic Ag is associated with the evolution of only ~? 
ml H, at N.T.P. 

A further possible, but again small, contribution to th 
1% discrepancy noted above is associated with the re 
deposition of copper onto previously deposited silver. 
suspect that this redeposition of copper takes place at 
cathode areas of differential aeration cells, the anoie 





process of which would be the solution of copper from the 
main specimen. It is certain that artificially accentuate! 
differential aeration increases the amount of redeposite! 
copper. Spectrographic tests of the silver crystals befor 
and after washing with dilute HNO; show that the coppe! 
deposit is superficial, and microscopic examination of the 





silver crystals suggests that the copper is deposited ont 
actively growing surfaces of the depositing silver, an¢ 
having deposited, prevents further growth of silver on that 
particular surface. 

Ricnarp GuiicksMAN, H. Movaquin, anp Cectt | 
Kina: We are very much pleased with the informatio! 
supplied by H. J. Axon and P. A. Cartwright, which adds 
materially to the available knowledge about these di 
placement reactions. 





** Metallurgy Department, University of Mancneste! 
Manchester, U. K 






































